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1 Introduction and Motivation 
 
"Seeing is believing" (tracking back to the biblical story of Thomas the Apostle) and the more 
commonly used "a picture is worth a thousand words" [1] are good exemplary proverbs showing the 
importance of visual perception for mankind. While nowadays science has found countless ways to 
assess its findings by measurements, simulations, mathematical equations and elaborate descriptions, 
most of the popular topics will always be chosen on their ability to present meaningful and 
comprehendible images. This fundamental principle gives a special meaning to all microscopy 
techniques used in the field of science. An area of particular interest is the electron microscopy (EM), 
as it offers imaging over a very wide range of magnification, combined with additional information e.g. 
about the analyzed materials. The original form of EM is transmission electron microscopy (TEM), 
based on the idea of replicating an optical transmission microscope with an electron beam instead of 
visible light as source of illumination. This was believed to attain considerably higher resolution than 
optical microscopes due to the lower wavelength of the electron beam, and the small size of the 
electron compared to atoms, respectively. From its beginnings in 1932 [2], transmission electron 
microscopy has met the expectations by surpassing the maximum resolution of a visual light 
microscope in 1933 [3] and reaching quasi-atomic image resolution in 1972 [4]. From this point on, the 
resolution of TEM was further increased using novel correctors for the imperfect magnetic lenses, such 
as Cs-correctors [5-8] and computerized image analysis [9-13], leading to a state-of-the-art resolution 
of 0.5Å [14-16]. Apart from high resolution imaging on crystalline matter, TEM has proven to be of 
equal importance in the field of biology (e.g. in cell biology [17-20], protein analysis [21-23] or 
visualization of viruses [24-27]) and materials science (e.g. on metals [28-31] or polymers [32-36]). 
 
To obtain practicable images from TEM there are several prerequisites: the specimen needs to be 
thinned to electron transparency, fully immobilized on the TEM-grid and sufficiently stable under the 
electron beam and in the vacuum inside the device. These factors have to be addressed during the 
preparation of specimens, requiring methods to be developed coinstantaneous with the progress in 
microscopes. Depending on the specimen, a variety of preparation methods has been developed, 
including dimpling, polishing, ion beam milling, ultramicrotomy, focused ion beam milling, freeze 
drying, high pressure freezing and quick-freezing (vitrification), as described in textbooks on the 
corresponding topics [20, 36-42]. The freezing methods mentioned here, particularly the vitrification 
process are the basis of transmission electron microscopy on frozen specimens, referred to as cryo-
TEM. The idea behind cryo-TEM is the preservation of the structure of specimens in liquid 
environments by quick-freezing followed by continuous cooling during the investigation in TEM. This 
procedure enables TEM imaging of specimens that would either collapse or change their structure due 
to evaporation of liquids or irradiation with the electron beam (i.e. virtually all biological tissue). The 
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vitrification of water and aqueous solutions was introduced in 1980 [43] and enabled a large field of 
microbiologic investigations [44-47], up to the acquisition of high-resolution cryo-TEM images [48-51]. 
In the field of polymer research, a lot of structural investigation is conducted by scattering 
experiments, beginning with simple techniques as dynamic light scattering and leading up to more 
elaborate techniques such as all kinds of X-ray or even neutron scattering. The structural analysis of 
polymeric surfaces is methodically conducted using ellipsometry, x-ray and neutron reflectivity or 
atomic force microscopy and scanning electron microscopy. On the other hand, transmission electron 
microscopy is mainly used for the analysis of microtome slices of bulk material or self-supporting thin 
films [52] or to show the existence of a polymer cover on particles or fibers. However, from the 
beginning research on ‘smart’ polymeric surfaces [53], the molecular structure has been a very 
important factor to explain the behavior of such surfaces. Nowadays, the extension of preparation 
techniques and the development on transmission electron microscopes enables the visualization of 
these structures [36] and thus an expansion of the understanding obtained by evaluation of graphs and 
numbers. As for biological specimens, cryo-TEM investigations are of some importance to structural 
polymer research, enabling imaging of swollen and self-ordered polymer systems, such as microgels 
[54-56], block-copolymers [57-60], surfactant polymers [61-63] and polymer brushes [64-66]. 
 
Among the smart surfaces, a special attention is directed to these polymer brushes, as their unique 
structure of a polymer chain bound to a surface by one end offers many distinctive features [67-69]. 
Various applications for polymer brush systems based on their unique structural properties have been 
introduced during the last years. The focus of applications lies on polyelectrolyte brushes due to their 
ability to carry a large amount of charge and their sensitivity to external stimuli [70]. One of the 
simplest applications of polymer brushes is the stabilization of colloidal systems by surface 
modification [71], yet the possibilities of this approach do not differ largely from stabilization by 
crosslinked polymer (e.g. [72, 73]). Another approach on the stabilization of small metallic particles is 
the inclusion of those particles inside the brush system either on flat surfaces [74-76] or spheres [77, 
78]. Due to the permeability of brush systems (see also [79, 80]), the catalysis of reactions by the 
colloidal particle is possible while aggregation is prevented by the polymer layer [81-83]. In more 
advanced setups, the immobilization of metallic nanoparticles can also be conducted on responsive 
polymer. Depending on the nature of the nanoparticle, hybrid systems for sensory applications [84, 
85], switchable catalytic activities [75, 86] or tunable plasmonic interaction [87, 88] or novel 
geometries with special properties [89, 90] can be synthesized. 
To form a brush system extending the properties of a single polymer, controlled polymerization for the 
formation of copolymers and patterning strategies were developed. Patterning of surfaces is usually 
done before polymerization due to simpler handling of low-molecular weight components, thus the 
polymer modification is required to be selective to the surface (for a very elaborate collection on 
papers about patterning techniques see H. A. Klok et al. [91]). A special form of patterning is the partial 
modification of spherical particles forming two hemispheres of so-called Janus particles [90, 92, 93]. 
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Additional flexibility in the stimuli response of polymer brush layers can be achieved by the utilization 
of block-copolymers [94-96] or the formation of mixed polymer brushes [97, 98], creating layers with 
switchable surface characteristics. These changes in surface characteristics can be utilized to exhibit 
motional force on the nanoscale, forming nanoactuators for differently shaped particles [99, 100] or 
enzymes [101]. Furthermore, the stimuli-responsive switching of polymer brush surfaces can be used 
to trigger the adsorption and release of biomaterial, such as proteins [102, 103] or cells [104, 105]. One 
of the best examples for a stimuli-responsive poly(N-isopropylacrylamide) (PNiPAM), which shows a 
temperature-dependent volume phase transition in water at an LCST of 32°C and thus close to the 
temperature inside the human body, leading to great interest of this polymer for biomedical 
applications. To successfully exploit the responsiveness of this polymer for any application, it needs to 
be understood how the structure of the polymer layer changes while swelling in water or other 
solvents and collapsing upon heating above the LCST. To gain this understanding, the polymer has been 
widely researched on free polymer [106-108], brushes [109-112] and crosslinked polymer [73, 113, 
114] as the phase transition occurs. However, the collapsing process still poses questions, the most 
important being a satisfactory explanation for the change in hydrophilicity and the structure of the 
polymer in the temperature-region around the LCST. 
This work is focused on the visualization and thus on the aid in the explanation of swelling and 
temperature-induced collapsing of PNiPAM brushes tethered on a model surface. For this aim, 
preparation and imaging techniques based on known polymerization methods and cryo-TEM protocols 
were developed using new commercially available devices and the results were compared with the 
findings of other means of structural investigation found in literature. The model system used in this 
work was chosen since the obtained results can be transferred to other stimuli-responsive surfaces and 
the investigations can be adapted to other polymer- and polyelectrolyte brushes by slight adaptation 
of the synthesis procedures. 
 
In the first part of this thesis (chapter 3), examples for the utilization of cryo-TEM imaging on polymer 
systems were researched and advantages of this method were pointed out. For the development of 
investigation protocols, different polymers – newly synthesized at the IPF Dresden and its cooperation 
partners – were utilized for the development of investigation procedures. The optimizations necessary 
for a successful analysis are described and the results of the structural investigations are summarized 
and compared with other investigation methods. The systems chosen were biocompatible star-like 
polymers, semifluorinated block-copolymers and thermo-responsive microgels with novel hollow 
architecture. These exemplary systems were used to find ideal conditions for the specimen preparation 
for cryo-TEM and subsequently analyzed in respect to previously undiscovered structural aspects. 
 
In the second part (chapter 4), the structure, density and collapsing mechanism of a stimuli-responsive 
brush surface was investigated by utilization of the previously developed cryo-TEM procedures in 
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comparison with other means of structural analysis. For these investigations, the well-researched 
poly(N-isopropylacrylamide) that collapses above its LCST of ~32°C in water was used as an example for 
stimuli-responsive polymer brushes. To enable the structural characterization by cryo-TEM, DLS, 
surface-potential and NMR, a dependable, reproducible synthesis based on submicron-sized silica 
particles was refined and compared with known procedures on spheres and flat surfaces. Modification 
procedures using ‘grafting from’ and ‘grafting to’ approaches were compared in their ability to form 
polymer brushes with stretched chain configurations. Based on the synthesized particles, the 
investigation of the brushes in the temperature region of the chain collapse was conducted in detail 
with cryo-TEM and NMR to gain new information about the structure and the collapsing mechanism of 
the polymer layer. 
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2 Theoretical Background and State of Research 
2.1 Polymer Brushes 
While bulk polymers, either consisting of free chains or of crosslinked systems, have found their way 
into daily life as plastic material and are often researched for their mechanical properties, the physics 
of polymers on interfaces offer a widespread field of research in all aspects of materials- and life 
science. A special form of a polymer on surfaces is a polymer brush system, as reviewed in detail by 
multiple articles [68, 91, 115-119] and books [106, 120-123]. This chapter will give a short overview of 
the theoretical background of polymer brushes, focusing on the topics connected to the experimental 
work and results presented in this work.  
2.1.1 Definition and Basic Physical Principles 
By its simplest definition, a polymer brush consists of chains of repeating units (monomers), bound to a 
surface by at least one end [119]. In contrast to an untethered polymer in solution or in bulk, the 
fixation of the molecules at one end leads to a specific behavior, primarily influenced by the grafting 
density σ of the chains. The grafting density σ is defined as the number of molecules n attached on a 
given surface area A, usually given in nm-2 or Å-2. 
( 2.1 ) σ = 𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐴
 
It can be calculated using the thickness of the polymer and the density of the brush composition [68]: 
( 2.2 ) σ = ℎ ∙ 𝜌 ∙ 𝑁𝐴
𝑀𝑛
 
where Mn is the number-averaged molar mass, h is the thickness, ρ is the density and NA is the 
Avogadro constant. The thickness is used for this often applied definition, as it is available via 
numerous measurement techniques, such as ellipsometry [124, 125], scattering experiments (X-Ray or 
neutron scattering [126-128]) or several spectroscopic methods [129]. When the grafting density 
reaches a certain value, i.e. the polymer chains are tethered sufficiently close to each other, they 
influence each other, stretching away from the interface they are attached to [119]. The introduction 
of the reduced grafting density Σ (or reduced tethered density [68]) aids in the estimation of the 
polymer brush structure. It depends on the grafting density and the radius of gyration Rg of a chain 
under the given conditions: 
( 2.3 ) Σ = σ ∙ π ∙ 𝑅𝑔2 
The reduced grafting density Σ can be interpreted as the number of polymer chains occupying the 
volume over the surface that would be filled by a single chain if the chains were not bound to the 
surface [68]. It was found in multiple studies [130-133] that, while attraction forces with the surface 
form a pancake (or flat brush) regime, values of Σ < 1 lead to the formation of a so-called mushroom 
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regime, both consisting of polymer chains lying flat on the surface or stretching away by a small degree 
[134]. Values of Σ > 5 show the configuration of ordered brushes stretched away from the surface, 
named stretched brush regime or sometimes true brush. However, these values can, depending on the 
polymer composition and the excluded volume [68]. The region of the reduced grafting density 
between the values of 1 and 5 can be described as a transition regime, showing neither fully coil-
shaped nor stretched chains (Figure 2-1). 
 
Figure 2-1: Schematic representation of structures formed by end-grafted polymer chains in relation to the 
interchain distance D or the reduced grafting density Σ 
 
An additional indicator for the brush structure used in some publications is the interchain distance D. It 
is defined as: 
( 2.4 ) 𝐷 = �1
σ
 
If this value is smaller than the diameter of the polymer coil (twice Rg or Flory-Radius RF [135]), the 
chains will interact and form a transition- or brush regime, depending on the difference of the values. 
In addition to the relation between grafting density and chain length, the solvent quality (poor, theta, 
good) was initially investigated in terms of its influence on the stretching of nonpolar brushes [115, 
136, 137]. The neutral polymer brushes in these publications can be described by the Flory-Huggins 
model of polymer-polymer and polymer-solvent interactions, using the interaction parameter χ [67]. 
For the example of Polystyrene (PS), studies have shown a comparably good agreement between the 
theoretical brush height and experiments, provided that the grafting density does not exceed 1nm-1 
[138-140].  
The profile of the polymer layer was initially described considering the theoretical approach based on 
the model by P. G. de Gennes and S. Alexander [136, 137]. While the initial model assumes all chain 
ends to fully stretch away from the surface and accordingly predicts a step function profile [113], S. T. 
Milner et al. used self-consistent-field (SCF) calculations to incorporate a random distribution of the 
chain ends [141].  Based on this model and using so-called 'dead zones' to describe areas where no 
chain ends may exist, the density of a polymer brush was shown to possess a parabolic profile as a 
result of the SCF calculations (for an overview see [142]). At the same time A. A. Gorbunov et al. and Y. 
D>2RF        D ~ 2RF          D < 2RF    D << 2RF 
Attraction to the surface         Σ < 1             1 < Σ < 5                    Σ > 5 
        Pancake regime               Mushroom regime                     Transition regime      Stretched brush regime 
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B. Zhulina et al. developed a mathematical model that leads to the same results, independently of the 
use of 'dead zones' [143, 144]. This initial theory was continuously refined, incorporating non-Gaussian 
behavior for different grafting densities or charged brushes [145, 146] and finite stretching [147]. A 
considerably more important change of the theory was the incorporation of polydispersity by the 
Milner group [148]. The theory for spherical brushes by A. N. Semenov [149], based on a model by M. 
Daoud and J. P. Cotton [150] that was confirmed with calculations by C. M. Wijmans et al. [151], only 
slightly changes the shape of this density profile [152]. Furthermore, models on the collapse of 
polymer brushes were invented, using the χ-parameter as reference for solubility [153](see also 
chapter 2.1.3). 
 
2.1.2 Formation of Polymer Brushes on Surfaces  
Compared to conventional polymerizations, the main feature of the polymer brush synthesis is the 
attachment of the chain to the desired surface. This connection can be achieved via physisorption, i.e. 
the formation of a physical interaction between the polymer and the surface [117, 154] or the build-up 
of covalent bonds [117, 155-157]. The attachment process – usually called grafting – can be performed 
either by the connection of a previously formed polymer with the surface or by the direct formation of 
a polymer on the surface from added monomers (see Figure 2-2). The former method is referred to as 
‘grafting to’ (GT) and can be conducted by physisorption or chemisorption while the latter is called 
‘grafting from’ (GF) and is only available via the formation of chemical bonds [158]. 
 
 
Figure 2-2: Schematic representation of different preparation techniques for polymer brushes 
 
For the ‘grafting to’ approach, each polymer chain is required to form a bond with the surface. For 
physisorption, these bonds are usually ionic or Van der Waals interactions between a polar or nonpolar 
surface and the suitable block of a copolymer [68, 121], however a connection via hydrogen bonds is 
Grafting to           Grafting from  
Physisorption             Chemical attachment      Polymerization 
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also feasible [118]. In all cases of physisorption, the strength of the bond lies far below chemical 
bonding (e.g. 21 𝑘𝑘
𝑚𝑚𝑚
 for a hydrogen bond in -OH versus 347 𝑘𝑘
𝑚𝑚𝑚
 for a covalent C-C bond [159]), yet 
multiple bonds may be formed by each polymer molecule to form an irreversible connection [68]. 
For GT via chemisorption, the polymer as well as the surface has to be modified with end groups that 
allow a chemoselective connection between them. Usually, a connection between easily available 
carboxy- [120, 157, 160, 161] amino- [123] or vinyl- [162] functionalized polymers and appropriate 
surfaces is used to form covalent bonds. Usually, unbound polymer is extracted by selective solvents 
after the formation of the chemical bonds [125]. The modification of the surface is either done by 
formation of a reactive monolayer or the addition of a connecting layer that binds to both, the 
substrate and the polymer chain end (for comparative studies of these methods see [163, 164]). While 
monolayers are usually built up of small molecules, the connecting layer can be a polymer itself, such 
as the frequently used poly(Glycidyl Methacrylate) (PGMA) [103, 161, 165-167]. In this work, the use of 
PGMA was dismissed in favor of a molecular monolayer, as the modification of single particles with a 
reactive polymer potentially leads to irreversible aggregation [168]. 
For both GT approaches, the main disadvantage is a low achievable grafting density due to the 
shielding of the surface by already bound polymers, usually leading to the formation of a mushroom or 
intermediate regime [91]. This limitation can be overcome to a certain degree by heating above the 
glass transition temperature Tg [169, 170] or the melting point [164, 169] of the polymer to increase 
chain mobility and  excluded volume interactions [120, 171]. The advantage of GT lies in the precise 
control of polymer chemistry and structure, as all reaction procedures and cleaning steps for the 
polymer can be undergone independently of the surface [117]. 
While the attachment of pre-formed polymers in GT leads to a low number of polymers connected to 
the surface, the ‘grafting from’ approach offers the advantage of single monomers moving towards the 
surface to increase the polymer length, leading to considerably higher grafting densities. For GF, the 
substrate needs to be chemically modified with a starter for the polymerization. As a starter has to be 
involved, the polymerizations used for surface modifications are coercively chain growth reactions, 
step growth reactions, such as polycondensation or polyaddition are not applicable. Accordingly, the 
radical and ring opening, as well as ionic and coordination polymerizations can be theoretically used to 
modify surfaces [172, 173]. However in practical work, the controlled radical polymerization(CRP) [174] 
methods are often preferred due to a high control over the brush architecture combined with a 
comparatively simple experimental setup (for a comprehensive review see H.A. Klok et al. [91]). 
Multiple controlled (or ‘living’) polymerization methods have been researched during the past decades 
[175], however in this work, the surface-modification by Atom transfer radical polymerization (ATRP), 
first mentioned in 1995 by Sawamoto et al. [176] and Matyjaszewski et al. [177] and continuously 
developed further by the Matyjaszewski group [178-181],  was used. This CRP technique is based on 
the previously known atom transfer radical addition [182] and is controlled by reversible deactivation 
of the radical by metal-catalyzed transfer of a halogen atom, as shown in Figure 2-3. 
 
 11 
 
 
Figure 2-3: General reaction scheme of ATRP, as described in [181] 
 
In the reaction scheme above, the carbon-halogen bond of a molecule Pn (in the first step of the 
polymerization, this describes the initiator) is broken by oxidation of a transition metal Mtm, 
coordinated with a certain number of ligands (L)z, forming a complex with higher oxidation number and 
a reactive radical. For an equal initiation of all chains, the first formation of a radical is required to 
occur faster than the following steps, thus the commonly used alkyl halogenides possess arylic, allylic 
or carbonylic substituents to stabilize the radical [183]. The equilibrium of this reversible reaction lies 
on the side of the formed carbon-halogen bond, which represents the dormant species in the CRP. Due 
to the low concentration of free radicals, the probability of termination reactions is strongly decreased 
and the persistent radical effect [184] leads to an additional regulation of the reaction [185]. Both 
effects increase the control over the reaction and thus the uniformity of the formed polymer chains. 
Accordingly, all advantages known from CRP techniques such as the formation of gradient- [186] and 
block-copolymers [187], stars [188, 189] and highly branched polymers [190] as well as end-
functionalization [165, 191] are feasible in ATRP. 
As chemically stable initiator molecules for ATRP can be chosen for many conditions, a modification of 
different surfaces, such as glass or silica wafers [192], silica particles [93] gold surfaces [193] and -
particles [194] or PS latex particles [123] is rendered possible. 
The polymerization in this work was carried out following the procedure developed by Ionov et al. [89, 
97], based on work by the C. Matyjaszewski et al. [195]. In this modified ATRP, a coordinated copper(II) 
is reduced to the catalytically active Cu+1 complex by a single-electron transfer, explaining the 
commonly used name AGET ATRP (ATRP with Activator Generated by single-Electron Transfer). This 
variation of ATRP is very insensitive to the presence of air or traces of other oxidants as the active 
copper species can be regenerated when oxidized to Cu+2 [181]. However, the higher concentration of 
the active copper species and the increased amount of chemicals increases the polydispersity of the 
polymers compared to classical ATRP [196]. As a slightly higher PDI does not strongly influence the 
properties of polymer brushes, the AGET ATRP in presence of air can be regarded as one of the most 
unproblematic approaches to the ‘grafting from’ procedure [197]. 
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2.1.3 Brush Systems from Water Soluble Polymers 
While the theoretical description of polymer brushes introduced in chapter 2.1.1 works well for non-
charged polymers, water soluble polymer brushes are distinctly more complicated to describe as the 
interactions with the solvent molecules via hydrogen bonding have to be taken into account [67]. Using 
the example of poly(N-Isopropylacrylamide), several studies indicate the formation of specific hydrated 
structures [109-111]. It was found that the Flory interaction parameter χ depends on the temperature 
and the polymer concentration, whereas it only depends on the temperature in the classical theory 
[198]. This dependence may result in negative solution entropy above a certain temperature [199, 200] 
leading to collapse of the polymer chain in solution, a phenomenon referred to as lower critical 
solution temperature (LCST). This is expected to be accompanied by a reorganization of the water 
chain [201-203] (frequently called volume phase transition [204]) due to a change in the interaction 
between segments of the polymer and water molecules [110, 205, 206], as shown in Figure 2-4. 
Besides the polymer composition itself, the LCST depends on the environmental conditions (solvent, 
pressure, pH salt concentration)[207-209], chain length [210] and architecture of the polymer and can 
be tuned by co-polymerization with hydrophilic or hydrophobic monomers [211, 212]. 
 
Figure 2-4: Schematic of the collapse of a polymer with LCST behavior (free chain and brush) in aqueous solution 
and the formed hydrogen bonds using the example of PNiPAM. 
 
One of the most comprehensively studied polymers exhibiting LCST behavior is the previously 
mentioned poly(N-Isopropylacrylamide) (PNiPAM). Free chains [106-108] as well as brush structures 
[109-112] and crosslinked hydrogels [73, 113, 114] undergo a volume phase transition in water around 
32°C. The investigation of PNiPAM brushes was conducted using various methods, such as neutron 
reflectometry [213, 214], contact angle measurements [206, 215], spectroscopic ellipsometry [103, 
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160], atomic force measurements [216] or surface plasmon resonance [217]. Furthermore, the LCST 
behavior could be simulated by connection of temperature-dependent changes in the brush density 
with SCF calculations [198, 218], indicating a vertical phase separation in some calculations[219]. 
 
2.2 Transmission Electron Microscopy 
Beginning with the experimental discovery of electron diffraction in 1927 [220, 221]  and the first 
proposal of an electron microscope (EM) in 1932 [2], electron microscopy has become a standard 
analysis method in the field of materials science as well as life science. During the development of 
commercially available transmission electron microscopes (TEMs) beginning in 1939, it was found that 
in addition to the higher resolution compared to visible light microscopy, an electron beam exhibits 
various interactions with matter, leading to a series of possible analyses depending on the detector. 
Accordingly, modern electron microscopes are able to record images, crystallographic diffraction 
patterns, elemental spectra (from electrons or x-rays), tomographic series, holograms or mixtures of 
that information, such as 3D elemental maps. 
 
2.2.1 Conventional and High-Resolution TEM 
An EM is a microscope and thus – by definition – a device to form images with a higher resolution than 
the human eye. In a TEM (the EM closest to a conventional light microscope), this is conducted by the 
formation of a beam of highly accelerated electrons that forms an intensity profile by interaction with 
a specimen it percolates. The intensity profile is recorded as a black-and-white image with brighter 
parts representing higher intensity. As electrons are negatively charged, their direction of flight can be 
controlled by magnetic fields, enabling the construction of lenses in analogy to glass lenses for visible 
light, leading to a magnification of the specimen. The function of magnetic lenses and the general 
setup of a TEM are not explained in-depth here, as these details are extensively described in textbooks 
e. g. by P. B. Hirsch et al. [39], M. De Graef [222], G. van Tendeloo et al. [38] and D. B. Williams and C. 
B. Carter [223]. This chapter will focus on the general image formation, described in detail for 
crystalline material in the aforementioned books, while the following chapter mentions deviation from 
the conventional approach in amorphous, organic material.  
Transmission electron microscopy (the initial form of EM) was developed following the idea to 
overcome the resolution limit of the visual light microscope as formulated in equation ( 2.5 ) by E. Abbe 
in 1873, using a beam with significantly smaller wavelength. 
( 2.5 ) 𝑑 = 𝜆
2∙𝑛∙sin 𝛼
 
with d being the radius of the spot formed by the light with wavelength λ converging in an angle α in a 
medium with a refractive index of n. 
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Following the initial hypothesis by de Broglie, electrons travel in the form of waves (as does all matter) 
and the wavelength of a beam of electrons can be calculated using the formula 𝜆 = ℎ
𝑝
 [224], in which p 
stands for the momentum and h is the Planck constant. As the momentum of any particle depends on 
its mass and velocity, even light particles, such as electrons can form a beam with very small 
wavelengths when accelerated sufficiently. In an approach closer to classical physics, E. Ruska expected 
atomic resolution from electron microscopes, as electrons are significantly smaller than atoms and 
exhibit a strong electrostatic interaction with the atom core [2]. Due to the wave-particle duality, the 
quantum mechanical scattering theory applies for the interaction between the electron beam and the 
specimen, while the conventional descriptions regarding image formation in TEM are conducted in 
analogy to ‘classical’ optics of electromagnetic waves. 
As for any imaging technique, the most important factors of image formation are spatial resolution and 
contrast. The Spatial (or angular) resolution describes the ability to distinguish two points located at a 
small distance, formulated in the Rayleigh criterion 𝜃 = 1.220𝜆
𝐷
 with θ: angular resolution and D: 
diameter of the aperture. The Rayleigh criterion is valid for any image-forming device and is 
complemented by the point spread function PSF for any non-ideal imaging system [225]. Originating 
from aberration introduced by imperfect magnetic lenses, the PSF is the limiting factor of resolution in 
TEM [226]. The contrast is defined as the difference in signal intensity of two signals divided by the 
average intensity, thus a high difference does not necessarily lead to a high contrast if the average 
intensity is high as well. In electron microscopy, the contrast is caused by scattering of the electrons of 
the beam by atoms of the specimen, leading to nonuniformity in the waveform of the beam. Contrast 
in microscopic images can either arise due to differences in the phase or the amplitude of the waves 
scattered by the specimen coining the terms ‘amplitude contrast’ and ‘phase contrast’. For the 
conventional explanation of transmission electron microscopy, the amplitude contrast by diffraction 
(or diffraction contrast) is used in direct analogy to the theory of x-ray diffraction (XRD), as early TEMs 
relied on crystallography to reproduce scientifically proven results. It was found that the most 
important law of x-ray diffraction, Bragg’s law [227], a derivate of Laue’s laws, also applies to electron 
diffraction.  
( 2.6 ) 𝑛 ∙ 𝜆 = 2 ∙ 𝑑 ∙ sin 𝜃 
Bragg’s law describes the occurrence of a constructive interference of two incident waves, which are 
scattered at two (atomic) planes, to depend on the wavelength λ in relation to the incident beam angle 
θ and the distance d of the two planes.  Accordingly, patterns of enhanced and decreased intensities 
can be recorded using a TEM and a sufficiently thin crystalline sample so that the crystal structure can 
be calculated from such an electron diffraction pattern. 
Based on this finding, the theory of electron microscopy was extended including the dynamical 
diffraction theory for multiple scattering events occurring regularly in TEM specimens (e.g. Kikuchi lines 
analogue to Kossel lines in XRD [228]), effects arising from shaping the electron beam (e.g. convergent 
beam diffraction [229]) and approaches for polycrystalline material and differently shaped specimens, 
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such as nanoparticles. Furthermore, the so-called phase contrast, resulting from a phase shift of the 
electron wave travelling along a column of atoms in the direction of a crystal lattice could be exploited 
to produce images with atomic resolution in HRTEM [40]. 
Nowadays, the theory behind TEM image formation is so comprehensively understood that image 
simulation from mathematical models, is used to interpret recordings and analyze the three-
dimensional structure of crystals on sub-nanometer levels (see e.g. [230] and references therein). 
 
2.2.2 TEM on Amorphous and Organic Matter 
In contrast to the widely described theory behind transmission electron microscopy on crystalline 
material, image formation from amorphous material is not thoroughly explained (e.g. [223]) or not 
mentioned at all (e.g. [222]) in textbooks. Nonetheless, electron microscopy on amorphous matter, 
particularly on biological specimens has gained a high interest in research leading to a differentiation 
between TEM in materials science (i.e. crystallography) and TEM in life science (e.g. biological 
specimens), as seen for instance in the separation of textbooks on the topic. However, this distinction 
is artificial, as biological specimens can be crystalline (see e.g. [21-23]) and the field of materials 
science includes research on polymers, which can be crystalline or amorphous (e.g. [32-34]). 
While electron scattering on atoms of amorphous matter follows the same rules as scattering on atoms 
in crystals, the lack of order does not lead to diffraction patterns consisting of individually 
distinguishable features. Accordingly the theory mentioned in the previous chapter, beginning from 
Bragg diffraction, does not apply to amorphous material and diffraction analysis possesses very little 
importance. In its place, the focus for amorphous material in TEM lies on the direct analysis and 
interpretation of images. To correctly interpret TEM images, it is crucial to know how the image 
contrast is formed by the specimen, beginning with the main causes for contrast in amorphous 
material being density and thickness of the material and the atomic number. The latter factor is also 
present in crystals and can be exploited to distinguish elements on an atomic scale (particularly in 
scanning mode, where the method is known as Z-contrast imaging [231]). In contrast, changes in 
thickness and density of amorphous specimens are perceivable due to multiple scattering, reducing the 
resolution of the image. Thus, the analysis of amorphous material focusses on other structural aspects, 
e.g. tomography to acquire three-dimensional information [232-234]. An additional difficulty in the 
analysis of organic material or biological specimens lies in the light atoms, this matter consists of. 
Carbon with an atomic number of 6 and the following nitrogen and oxygen show very similar elastic 
scattering properties, leading to low contrast between organic matter with different chemical 
composition. Accordingly, the introduction of heavier atoms to certain parts of the specimen, called 
staining, is widely used to visualize organic matter (see e.g. [235]). Yet staining possesses 
disadvantages, such as changing the chemical structure of the specimen and further decreasing the 
resolution of TEM images. 
Theoretical Background and State of Research 
16 
 
In addition to imaging and image analysis, an aspect of electron microscopy not mentioned in the 
conventional description is the effect of the electron beam on the specimen. In diffraction theory, the 
scattering of the electrons is commonly regarded to be elastic. However, electrons also undergo 
inelastic scattering in EM specimens, transferring parts of their energy to and causing changes in the 
specimen.  Since inelastically scattered electrons cause blurring of images due to chromatic aberration 
of the objective lens, energy-filtered imaging is used particularly in the field of TEM on biological 
specimens and cryo-TEM. It bases on the increased energy loss by electrons undergoing multiple 
scattering events in thick specimens, such as microtome slices of soft matter and vitrified liquids, which 
can possess a thickness of several hundred nanometers (as opposed to HRTEM specimens, which are in 
the thickness range of 20nm [236]). To increase contrast and reduce blurring in specimens with 
frequent multiple scattering events, an aperture inside an energy filter can be used to allow only 
electrons with a certain energy loss to pass to the recording device, blocking all other energies. If only 
the beam with the lowest energy loss (typically less than 5 eV)  is allowed to pass, the contrast in thick 
specimens increases [237, 238], making so-called zero-loss imaging an important technique in cryo-
TEM [239]. 
Another aspect of inelastic scattering is damage to the specimen, usually referred to as beam damage 
or radiation damage, as an electron beam is a type of ionizing radiation and leads to the same effects 
as damage by radioactivity [240, 241]. This is one of the most relevant aspects to be considered for 
electron microscopy on organic material, particularly cryo-TEM (see below). Possible forms of beam 
damage are heating of the specimen, ionization and electrostatic charging, breaking of covalent bonds, 
and so-called knock-on damage. The latter is most important in electron crystallography, as it produces 
displacement of atoms by direct impact of the electron of the beam. Charging of the specimen occurs 
on insulating material that interacts with the electron beam and can lead to either displacement of the 
sample [242] or distortions in the image. Breaking of covalent bonds by electron-electron interactions 
(radiolysis) frequently occurs in polymers due to their easily degrading chain structure [243] and in 
cryo-TEM where water molecules are hydrolyzed (see below). The final mentioned damaging effect is 
heating due to low thermal conductivity of the specimen, which plays a large role in polymer analysis 
and cryo-TEM as the investigated samples may change their structure at small temperature changes 
(see e.g. books on polymer physics [123] or thermal analysis [244], for cryo-TEM see the following 
chapter2.2.3). For additional details on electron microscopy of polymer systems not mentioned here, 
see the extensive transcription by G. H. Michler et al. [36]. 
 
2.2.3 Cryogenic Transmission Electron Microscopy (Cryo-TEM) 
The method called cryo-TEM (other used notations are cryoTEM or CTEM) does not pose an extension 
of the theory introduced in the previous chapters, but is merely a way of handling certain specimens 
(see [58] and references therein). 
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To obtain an image from an electron beam passing through a specimen in a transmission electron 
microscope, a high vacuum and a low to nonexistent specimen movement is required. In the column of 
a TEM, the specimen is typically submitted to a pressure of 10-8 bar or less, preventing virtually any 
liquid from being used without evaporation. Accordingly, to analyze specimens in liquid medium using 
electron microscopy, the used liquids need to be either frozen or kept in a separate container inside 
the column. While the containers built for use in TEM, referred to as liquid cells, are commercially 
available for a few years (see for example [245]), the freezing of liquids for TEM analysis has gained a 
large acceptance as versatile tool for the analysis of biological [246, 247] and colloidal [248, 249] 
samples, as well as and all kinds of polymeric systems in solutions (see [250] and references therein). 
The principle behind cryo-TEM is the fixation of a liquid sample by freezing the liquid to a glassy state, 
the so-called vitrification. In the beginning of cryogenic investigations in the field of electron 
microscopy, this was intended to prevent damage due to crystallization of water in cells [251]. Also, the 
absence of crystals simplifies the recording of EM images and is believed to leave the molecular 
structure of the vitrified specimen intact, if executed correctly [251]. 
 
 
Figure 2-5: phase diagram of water, adapted from [252] with permission. 
 
The physical basics of vitrification can be explained using water as the most investigated solvent for 
cryo-TEM analysis. As visible in Figure 2-5, water solidifies at 0°C over a large pressure range (the 
melting point of ice at atmospheric pressure is defined as 0°C). Below the pressure at the triple point 
(6.12mbar), no liquid phase of water exists and water sublimes when heated above a certain 
temperature. This process called freeze-drying can occur involuntarily inside the TEM column when the 
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temperature of the specimen increases (see Figure 2-6e) or voluntarily be used to preserve specimens 
[253, 254]. 
The solid phases of water shown in Figure 2-5, named ice I to ice XV [255], most of them existing at 
pressures above 1000bar, are all crystalline. Amorphous ice crystallizes to one of the known structures 
above a certain temperature (at atmospheric pressure to the stable form of hexagonal ice at 150±1K, 
or ~-123°C [256]). Amorphous ice at atmospheric pressure can be formed by quenching water vapor 
on cold surfaces or immersion of small quantities of liquid water in cold liquids [251]. The cooling rate 
of both methods needs to be high enough (thousands to ten thousands of Kelvin per second) to keep 
the water from crystallizing during the process [43, 257], thus a coolant exhibiting Leidenfrost effect 
(e.g. liquid nitrogen) cannot be used for this purpose. Usually, liquid ethane is used for freezing 
aqueous solutions and polar organic solvents. For solutions in toluene or aliphatic solvents, liquid 
nitrogen may be used as these solvents do not easily crystallize [61, 62].  Another possibility to form 
amorphous ice of a different density is the pressurization of hexagonal ice at 77K [256, 258]. 
Amorphous ice undergoes a transition to a viscoliquid between 120K and 140K [259], a transition that 
is often referred to as its glass transition yet its thermodynamic interpretation remains under 
discussion [256, 260]. 
 
  
   
Figure 2-6: Destructive effects on amorphous ice by temperature effects. a) Cubic ice recrystallized under heating 
by the electron beam – left of amorphous ice; b) Cubic ice recrystallized by temperature increase of the grid; c) 
Hexagonal ice formed during slow cooling; d) Development of bubbles due to hydrogen formation under the 
electron beam; e) freeze-dried microgel particle. All scale bars are 200nm. 
 
For the analysis in TEM, a stable amorphous state of water is essential, leading to the necessity to keep 
the vitrified sample below ~-154°C at all times to prevent sublimation of ice inside the TEM or 
a) b) 
c) d) e) 
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crystallization [261]. Typical images for different processes involving a change of temperature are 
shown in Figure 2-6. Figure 2-6a and b show cubic ice, formed due to (a) heating by the electron beam 
and (b) heating of the whole grid. Figure 2-6c shows hexagonal ice formed during the freezing process 
when the water molecules are given enough time to arrange in their energetically favored position due 
to a too slow decrease of the temperature. In Figure 2-6d, the effect on a high electron beam 
illumination without heating above 150K is shown. The electron beam reduces hydrogen in water to 
gaseous H2, which expands in the otherwise frozen film and forms bubbles in thin regions of the ice. 
Finally, Figure 2-6e shows the freeze drying of a microgel particle due to temperature increase in the 
vacuum of the TEM, an effect usually visible when the grid is not in good contact with the cooling TEM 
holder. 
Although most organic solvents do not form crystalline solids, the considerations regarding 
evaporation or molecular changes at certain temperatures need to be taken into account when 
vitrifying organic solvents. For example, the glass transition temperatures for many organic solvents 
(see [262-266] and excerpts in Table 2-1) have been thoroughly investigated, showing that a 
temperature control is necessary to permanently fixate those liquids. 
 
Solvent Tg [K] 
Chloroform - 
DMF ~130 
Methanol  ~103 
THF 115-130 
Toluene ~117 
Water 120-140 
Table 2-1: Glass transition temperatures of solvents used in this work 
 
To enable analysis in TEM, a sufficiently thin layer of liquid containing the specimen needs to be 
vitrified for the electron beam to penetrate the specimen (compare chapter 2.2.2). While the standard 
method for the preparation for thick biological specimens is microtomy [267], the primarily used 
technique for suspensions or solutions is the vitrification of a thin film of liquid by immersion in a 
coolant, called plunge-freezing [257]. The liquid film is usually formed directly on a TEM grid covered 
with a holey film of amorphous carbon [268], enabling the liquid to form a double meniscus inside the 
free space between the carbon. The first experiments on direct freezing of TEM-grids relied on the 
deposition of evaporated specimen onto the grid, followed by direct vitrification, as described in detail 
by J. Dubochet et al. [261]. However, the application of a droplet of specimen, followed by removal of 
most of the liquid with a filter paper (blotting) and immediate vitrification was found to be a more 
promising approach for preparation of a variety of specimens [46, 269]. For a successful film formation 
on a TEM grid, the main influencing factors are the relation of the interfacial energy of the liquid 
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towards the grid and its surroundings and the evaporation of the liquid. The method of blotting-
freezing allows a preparation of the grid under controlled conditions (humidity, temperature) in an 
environmental chamber to prevent evaporation and fast vitrification by dropping the grid from this 
chamber into the coolant [270]. Although several more or less automated apparatuses for the 
procedure are commercially available, many research groups utilize modified or custom built devices 
[271-273].For a full coverage of the grid, the surface of the holey carbon film is usually hydrophilized 
using oxygen plasma treatment [54, 63, 269].  
In addition to the focus on the temperature control and the handling of the involved devices, the 
possible contamination of the frozen specimens needs to be taken into account, as there are several 
sources of contamination when preparing cryo-TEM specimens. The mostly observed contaminations 
originate from impurities in the cryogen (see Figure 2-7a) and the crystallization of water from humid 
air onto the grid, both forming recognizable patterns as shown in Figure 2-7b. Additionally, and small 
ice crystals suspended in liquid nitrogen can stick to the grid when they are stored or transported (see 
Figure 2-7c) (for identification of the impurities see [274]). 
 
    
Figure 2-7: Possible contaminations on Cyro-TEM images. a) Impurities coming from the coolant ethane; b) 
Impurities from humid air; c) Crystals of cubic ice from impurities in liquid nitrogen. All scale bars 200nm.  
 
To minimize those decontaminations, the following steps are recommended: 
- Maintaining constant evaporation of nitrogen in all devices and transport containers to 
minimize intake of humid air. 
- Filtering of liquid nitrogen before coming in contact with the specimen. 
- Use of clean cryogen. When using ethane, the removal of liquid ethane from the grid can 
minimize contaminations [274]. 
- Prevention of contact of the specimen with air, especially during the transfer into the TEM. 
This can be achieved by a cryo-shield around the specimen holder. 
- Permanent cooling of the decontaminator inside the TEM column below the temperature of 
the grid [54]. 
 
a) b) c) 
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2.3 Other Methods of Characterization 
2.3.1 Nuclear Magnetic Resonance 
In nuclear magnetic resonance (NMR) spectroscopy, the quantum mechanical magnetic properties of 
the nuclei are exploited. The theoretical background of this measurement involves quantum 
mechanical considerations and will not be fully explained here, as multiple textbooks are obtainable 
(e.g. by C. P. Slichter [275] or C. Kittel [276]). 
If the intrinsic angular momentums (spins [277]) of the nucleons in a nucleus are not cancelling each 
other out (usually when there is an uneven number of nucleons e.g. 1H or 13C) a magnetic moment is 
present, represented by a vector. In a linear external magnetic field the magnetic- or spin vectors are 
aligned, forming two energetically differing states of magnetization. In equilibrium, the occupation of 
these states shows a Boltzmann distribution, thus another magnetic field shifting the spin vector can 
change the distribution and introduce disequilibrium. If a vector is not rotated towards the other 
direction (e.g. by 90° instead of 180° towards the axis of the magnetic field), it will precess around the 
magnetic field axis at a resonant frequency, called the Larmor frequency. This frequency depends on 
the chemical surrounding of the nucleus (due to nuclear shielding by electrons and coupling with other 
nuclei), enabling NMR spectroscopy to acquire extensive information about the chemical structure of a 
molecule. 
After the excitation of such precession the system will reassume the equilibrium distribution of spins, 
either by exchange of energy to its surroundings or by entropic internal equilibration. As these 
processes occur at different time scales, they are attributed separate so-called relaxation times T. The 
first process mentioned is the spin-lattice-relaxation described with the time constant T1 and the latter 
is spin-spin-relaxation, T2. For full explanations of the relaxation processes see e.g. [275, 278]. In this 
work, the less common relaxation time referred to as spin-lattice relaxation time in the rotating frame 
T1ρ is used in solid-state investigation of polymer chain mobility. Analogue to the regular spin-lattice 
relaxation, T1ρ denotes a time before reaching thermodynamic equilibrium with the surrounding lattice 
by vibrational and rotational motion [279]. Accordingly, T1 and T1ρ times are a measure of the mobility 
of the molecule where a lower relaxation time can be attributed to higher energy transfer by motion. 
However, while T1 measurements are initiated by magnetization of the system using a short 
radiofrequency pulse, the measurements of T1ρ are preceded by a longer magnetization process, called 
spin-locking. 
In solid-state measurements, the sharp peaks emerging from the Fourier-transformation of the time-
dependent signal decay are strongly broadened by (directionally dependent) anisotropic interactions. 
To attain a better resolution in the final spectrum, the sample is inserted in the magnetic field at an 
angle of 54.74° (= tan−1 √2) and rotated, a concept introduced by E. R. Andrew et al. [280] and later 
named magic angle spinning (MAS) as this angle leads to a great increase in the quality of the recorded 
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spectrum. To further increase the resolution of solid-state NMR spectroscopy, combined rotation and 
multiple-pulse sequences (CRAMPS) were introduced theoretically and by experiment [276]. 
 
2.3.2 Dynamic Light Scattering 
Light scattering measurements (dynamic or static) use interferences of light rays scattered on multiple 
points by Rayleigh-scattering, an elastic scattering effect on particles or molecular aggregates smaller 
than the wavelength of the light [281]. If the light scattered in all directions is monochromatic and 
coherent (such as light from a laser), scattering from several particles leads to constructive or 
destructive interference, depending on the distance of the particles and the scattering angle (also 
compare Bragg’s law in chapter 2.2.1). In Dynamic light scattering (DLS), multiple intensity profiles 
(speckle patterns) are recorded at a fixed angle over a given time and compared with each other by 
autocorrelation. Due to the Brownian movement of the particles, their distance changes leading to 
intensity fluctuation on the speckle pattern. Thus, with increasing time the autocorrelation decreases 
exponentially and can be fitted with a corresponding function. As the speed of the Brownian motion 
depends on the size of the particle, this fitted function can be used to estimate the hydrodynamic 
radius using the Stokes-Einstein equation for the diffusion of spherical particles [282]. As DLS does not 
incorporate any structural factor and depends on theory for infinitely diluted suspensions, the quality 
of the results strongly depends on the sample and its preparation [283].  
 
2.3.3 Electrokinetic Potential Measurements 
Electrokinetic measurements are conducted to investigate the ζ-potential of polymer modified 
particles. Particle surfaces possessing charged or chargeable groups, with or without polymer are 
surrounded by a layer of counterions in aqueous suspension. This layer of counterions 
overcompensates for the surface charge, thus the particle appears oppositely charged and forms 
another layer of counterions, compensating for the charging effects of the first layer. Hence, the term 
double layer is regularly used to describe the accumulation of counterions around a charged particle. 
Due to particle movement in suspension, the double layer can be partially stripped off, depending of 
the overall ion concentration and the movement of the particle. The ζ-potential represents the value of 
the net charge of the stationary layer i.e. the ions attached to the surface during movement, compared 
to its surroundings. 
If this potential becomes zero, as the ion concentration leads to an equal charge of the slipping plane 
and the suspending medium, the so-called isoelectric point is reached. In this work, pH-dependent ζ-
potential measurements were conducted, whereas the change in pH-value was used to change the ion 
concentration in solution and thus attain information about the chargeability and the isoelectric point 
of the connecting layers and polymer brushes. 
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Using a commercially available device, the measurement of the layer was achieved by particle mobility 
analysis (analogue to DLS – chapter 2.3.2) in an electric field with alternating current. For a more 
detailed description of the electrokinetic potential and its measurements see e.g. [284, 285]. For 
exemplary measurements on particles covered with polymers see [93, 167, 286, 287] and references 
therein. 
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3 Investigation of polymer systems in TEM 
This chapter describes the development of preparation procedures necessary for cryo-TEM 
investigations of novel polymeric specimens. Detailed descriptions of new and modified procedures 
used for sample preparation, adapted for each specimen, and an outline of the new findings gained 
from the cryo-TEM investigations are presented according to the following Figure. 
 
 
Figure 3-1: Structure of chapter 3 
 
3.1 Experimental Part 
The samples described here were submitted by coworkers at the IPF and cooperation partners for 
cryo-TEM investigations during the preparation time of the present work. Thus, the synthesis 
procedures of the samples are not described in detail here. Instead, the publications describing the 
synthesis procedures and the persons responsible for the syntheses are mentioned in each subchapter. 
 
3.1.1 General Aspects 
3.1.1.1 List of Used Devices used for Preparation and Analysis 
Unless otherwise specified, all TEM images were recorded on a Libra 120 electron microscope, 
manufactured by Carl Zeiss Microscopy (Germany, formerly named Zeiss NTS). The device was 
equipped with a thermal emission source with LaB6-crystal, operated at 120kV. The configuration 
included the so-called Koehler-illumination for parallel illumination of the specimen and an in-column 
electron energy filter, used in zero-loss filtering mode for better image contrast. The TEM was 
equipped with a CCD-camera (Troendle, Germany) with a maximum resolution of 2048x2048 pixels, 
controlled by Olympus iTEM software (Japan). Image editing was carried out using the same software. 
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Specimen holders for cryo-TEM with the model numbers CT3500, CT3500HT and 626, all manufactured 
by Gatan Inc. (USA and UK) were used interchangeably. 
An EM-GP vitrification device (Leica Microsystems, Germany) was used for the plunge-freezing of all 
specimens, unless otherwise specified. The device was equipped with a climate-chamber for 
temperature and air humidity control. The freezing of cryo-TEM specimens was carried out by 
immersion in liquid ethane for water, ethanol, methanol and THF and liquid nitrogen for toluene and 
chloroform. 
For the hydrophilization of the carbon-coated TEM grids, a plasma cleaner model Femto (Diener 
electronic, Germany), connected to an oxygen generator Kröber O2 (Kröber GmbH, Germany) was 
used. To treat the grids for cryo-TEM applications, the plasma cleaner was set to 30s at 65% of its 
power level. 
All Grids for cryo-TEM consisted of a holey carbon film on a 200 mesh copper support. Grids with 
different holes in the carbon film were used: QF R1.2/1.3 and QF R2.2 grids (Quantifoil Micro Tools 
GmbH, Germany) possess regular spherical holes, while so-called lacey grids (Plano EM GmbH, 
Germany) are built up of a carbon network resembling a spider-web. 
For analysis of dry specimen, carbon-coated grids on 200mesh copper or nickel grids with a silica 
coating (Plano) were used. 
Comparing dynamic light scattering (DLS) measurements were conducted using a Zetasizer Nano ZS 
(Malvern Instruments Ltd., UK), equipped with a 4mW He/Ne laser with a wavelength of 633nm at a 
detection angle of 173°. All samples were kept in 10mm quartz-glass (for organic solvents) or clear PS-
cuvettes (for water). Particle diameter and the polydispersity index calculations were conducted from 
cumulant-type analysis, using intensity- or volume-based averaging. 
 
3.1.1.2 List of Used Solvents and Chemicals 
Tetrahydrofuran (≥99.9%), Toluene (99.8%), Dimethylformamide (99.8%) were purchased from Sigma. 
Ethanol (99.8%), Chloroform (≥99%), and Methanol (98%) were purchased from Fischer. All solvents 
were used as received. Phosphate buffered saline (PBS) tablets were purchased from Sigma and 
dissolved in Millipore water. 
Chemicals for the syntheses of the investigated samples are listed in the publications [P1, P2, P3] 
 
3.1.1.3 General Procedure of Specimen Preparation and TEM Image-Recording 
As there is no attraction between polar solvents and the unipolar carbon film of the TEM grid, the 
formation of a regular film of the specimen solution on the grid is hardly possible. Thus, for water and 
other polar solvents, the carbon film had to be treated to obtain a higher surface polarity. This was 
done by immersion of the grids in oxygen plasma for 30 seconds, forming hydroxyl-groups on the 
surface, a process usually referred to as plasma-treatment or plasma-cleaning. These polar groups 
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dissipate when leaving the grids in open air; however, experiments with the same conditions have 
shown that the loss of surface polarity is negligible over the time of eight hours (a one-day 
measurement session). 
After plasma-treatment, the grids were fixed into the climate chamber of the vitrification device using 
a pair of tweezers equipped with a clamping ring. When freezing water, the humidity setting of the 
environmental chamber was set to 100%, otherwise the humidifier was not used. The temperature in 
the camber was set to room temperature (21°C), unless the specimen was sensitive to temperature. 
After equilibration of the grid, a droplet of the specimen solution was applied to the grid with an air 
displacement pipette, with the focus on an even distribution of the liquid on the grid. Then, the liquid 
was removed by application of a filter paper, which was kept in the environmental chamber all the 
time, to the backside of the grid with the robotic arm of the vitrification device. The time of this so-
called blotting determines the volume of liquid left on the grid and is fundamental for the formation of 
a liquid film in the holes of the carbon film. The blotting can be controlled in steps of 0.1 seconds, 
starting from the device setting t=0, a short contact with the grid followed by immediate retraction of 
the filter paper. Additionally, the sensor-blotting option was used, meaning the timer of the blot-time 
only started when the paper was wetted. After retracting the filter paper, the grid was quickly 
immersed in the cryogen by a controlled drop of the tweezers, a step called plunging. A scheme of the 
process is shown in Figure 3-2. The tweezers were removed from the holder and the clamping ring was 
opened to release the grid into a storage box in a container filled with liquid nitrogen. From there, the 
grid was inserted into a cold cryo-TEM holder in one of different transfer stations under cold nitrogen 
atmosphere using precooled tools to prevent heating of the grid above the amorphous to crystalline 
phase transition of water (ca. -160°C). Finally, the holder was inserted into the TEM with a pre-pumped 
airlock for a quick insertion process and was allowed 20 minutes of equilibration time before taking 
images. This time is necessary to halt thermal drift and helps to minimize contamination of the grid. 
 
 
Figure 3-2: Scheme of the preparation process of a cryo-TEM grid. 
 
Specimen analysis and image recording were conducted at low beam intensities, using the condenser 
aperture in the Koehler-illumination of the Zeiss TEM as limiter of the diameter of the beam on the 
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grid. The typical dose to the specimen was less than 10 electrons per square Angstrom and second. 
Using a shifted beam for alignment and focusing (called micro dose focusing on Zeiss devices) and 
recording time of either one or two seconds for one image, the overall dose does not exceed 20 e/Å². 
The taken images were processed with a lowpass filter to decrease the noise and manually tuned for 
higher contrast and brightness to ensure visibility on the printed image. 
 
3.1.2 Aspects of Cryo-TEM Investigation on Different Solvents 
As the Leica EM-GP device was introduced as a novel device in 2009 and purchased in 2010, a 
universally applicable procedure for the preparation of cryo-TEM grids with this device was not 
available for this work. Thus, some experiments to develop such a procedure were conducted. The 
general procedure and the used terms are described in chapter 3.1.1.3, details are provided here. 
To find a standard procedure for aqueous specimens, a series of cryo-TEM grids was prepared from 
water by changing the blotting time. For each given time, one plasma-treated QF R1.2/1.3 grid was 
covered with a droplet with the volume of 3.5µl from a volumetric pipette. The grid was blotted from 
the backside with filter paper that was left in the environmental chamber at all times and immediately 
plunged. The blotting times set in the device started at 0 (shortest possible contact of grid and filter 
paper) and were increased to 2 seconds in steps of 0.2 seconds, resulting in 10 grids in the first row. 
The second row consisted of grids blotted at the following times: 1.4s, 1.5s, 1.6s, 1.7s, 1.8s, 1.9s and 
2.5s.  
A similar procedure was applied to investigate the ability of different organic solvents to form liquid 
films applicable for cryo-TEM. All preparation data for the exemplary grids mentioned in this work is 
attached in Table 3-1: 
 
Solvent / 
Number 
Volume 
[µl] Grid 
Temp. 
[°C] 
Blot-
time [s] Remarks 
Chloroform – 1 3.5 QF R1.2/1.3 21 2.5 - 
Chloroform – 2 3.5 QF R1.2/1.3 pt 21 2.0 - 
DMF – 1 3.5 QF R1.2/1.3 21 1.3 - 
Methanol – 1 3.5 QF R1.2/1.3 pt 21 0.6 - 
THF – 1 3.5 QF R1.2/1.3 21 1.5 - 
THF – 2 8 QF R1.2/1.3 6 1.2 - 
Toluene – 1 3.5 QF R1.2/1.3 21 4.0 Plunging in liquid N2 
Toluene – 2 3.5 QF R1.2/1.3 21 1.5 Plunging in liquid N2 
Toluene – 3 1 QF R1.2/1.3 21 0 Plunging in liquid N2 
Table 3-1: Parameters for the investigation of film formation organic solvents; pt stands for plasma treated grid. 
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3.1.3 Structure of Biocompatible Polymeric Stars 
Most polymer solutions differ strongly in their viscosity, compared to pure solvents or particle 
suspensions. These solutions need to be blotted for a longer time as, besides the viscosity, their affinity 
towards the filter paper differs from water. To obtain an estimate of the necessary blotting time, a first 
test can be conducted by adding a drop of the polymer solution onto a piece of the filter paper and 
comparing the time needed to absorb the liquid with the time of a known liquid. However, this method 
could not be tested in a series of measurements as these absorption times are in the same range as the 
blotting times (usually between 0.1 and 3 seconds), making the exact measurement of time impossible 
to achieve with the available equipment. Yet, this method is useful to get a first impression of the 
blotting time needed for a polymer solution. 
To investigate the ability of cryo-TEM imaging to resolve special polymeric structures, aqueous 
solutions of copolymers with different molecular constitutions were analyzed concerning their 
configuration (for more information on block copolymer solutions in THF see chapters 3.1.5 and 3.2.4). 
Cryo-TEM investigations were conducted on core-shell shell structures made from a hyperbranched 
poly(ethylene imine) (PEI) center with a poly(glutamic acid) (PGlu) shell formed around it. Further 
analysis data was provided by Markus Franke, Susanne Boye, Ulrich Oertel and Andreas Janke, all 
working at the IPF Dresden at the time of this work. The synthesis of these polymers was conducted by 
Christin Striegler during the work on her PhD thesis in the group of Dr. Dietmar Appelhans at the IPF 
Dresden. 
Briefly, a shell of σ-Benzyl-L-glutamate N-carboxyanhydride was polymerized around a commercially 
available hyperbranched PEI (Lupasol G100 MW = 5000 g•mol-1) by ring-opening polymerization. Then, 
the polyglutamate groups were hydrolyzed to form poly(glutamic acid) PGlu. The, the purified polymer 
was brought to reaction with D-(+)-maltose-monohydrate or D-(+)-lactose-monohydrate to form a 
sugar-decorated PEI-PGlu system, shortly called PEI-PGlu-Mal or PEI-PGlu-Lac, respectively. For a short 
summary of the synthesis of the particles see Figure 3-3, for the full description see reference [P1]. 
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Figure 3-3: Synthesis of NCA monomers (A) and simplified anionic water-soluble core-shell architectures (B) and 
(C). Reaction conditions: (i) σ-benzyl-L-glutamate (β-benzyl-L-aspartate), bis(trichloromethyl) carbonate, THF, 
50°C, 5h; (ii) σ-BLG-NCA, DMF, 50°C, 7d. Scheme reprinted from [P1] with permission. 
 
PEI-PGlu and PEI-PGlu-Mal were used for cryo-TEM analysis. For both systems, solutions with 0.5g/l 
and 0.2g/l in PBS buffer (at a constant pH of 7.4) and Millipore water were prepared, respectively. All 
solutions were handled in PE tubes, as the polymers had shown strong aggregation towards glass 
surfaces during the experiments. The cryo-TEM preparation was done as described in chapter 3.1.1.3, 
with the exception of the equilibration time after blotting. The samples shown in this work are shown 
in the following Table 3-2: 
 
Sample name System Solvent Concentration [g/l] 
PEI-Glu-5 PEI core with poly(glutamic acid) shell Water 0.5 
PEI-Glu-Mal-2 PEI-PGlu decorated with maltose Water 0.2 
PEI-Glu-Mal-5 PEI-PGlu decorated with maltose Water 0.5 
PEI-Glu-P5 PEI-PGlu PBS-Buffer 0.5 
PEI-Glu-Mal-P5 PEI-PGlu + maltose PBS-Buffer 0.5 
Table 3-2: Solutions used for the analysis of the PEI-PGlu (Mal) core-shell system. 
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The formation of a regular water film in the mentioned polymer systems strongly depends on the 
equilibration time between the blotting process and the plunge-freezing of the grid. Accordingly, 
equilibration times between 0 (immediate plunging) and 10s, in steps of 2s, were tested for the 
specimen PEI-Glu-Mal-5. For the other specimens a time of 10s was chosen for best visibility of the 
particles. 
 
 
3.1.4 Hollow Polymeric Microgel Particles 
PNiPAM microgels with special structures are investigated by Dr. Jorge Pérez-Juste at the labs of the 
Colloid Chemistry Group of Prof. Luis M. Liz-Marzán at the Universida de Vigo, Spain. The synthesis of 
the hollow microgel particles presented here was conducted in the labs of the Universida de Vigo 
based on the work of Dr. Rafael Contreras-Cáceres and coworkers [72, 288, 289]. Additional analysis 
was provided by Cristina Fernández-López and Isabel Pastoriza-Santos. 
Briefly, the hollow microgels investigated here are synthesized by the formation of gold nanoparticles, 
stabilized with a mixture of CTAB and 3-butenoic acid. Then, a PNiPAM microgel was formed around 
these particles, using the vinyl groups of the 3-butenoic acid as polymerization starters and N,N′-
methylenebis(acrylamide) (BA) in different concentrations as crosslinker. Then, the gold core was 
oxidized, using a mixture of CTAB and AuCl4, using the change in redox potential by the exchange of 
chlorine and bromine ions in this mixture [290]. For a more detailed description, see Figure 3-4 and 
reference [P2]. 
 
 
Figure 3-4: Schematic representation for the fabrication of the hollow PNiPAM microgels using Au@PNiPAM 
particles as templates in Au3+/CTAB mixtures. 
 
Two-Dimensional Cryo-TEM Imaging 
The cryo-TEM investigation was conducted on the purified particles in aqueous suspension at room 
temperature (21°C) and 50°C, meaning below and above the LCST of the polymer to show the collapse 
of the particles. 
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The basic setup for the preparation of cryo-TEM specimens in aqueous media and their analysis in TEM 
is described in chapter 3.1.2. 
Additionally, the preparation of microgel suspensions was focused on the temperature control to 
ensure the correct degree of swelling of the PNiPAM by the following steps: 
- Between the preparation sequences, the suspensions of microgels were kept in a temperature 
controlled ultrasonic bath for the entire time, with the sonication activated for 10min before 
the addition to the grid. 
- The filter paper for blotting, the tips of the pipette and the forceps holding the TEM grid were 
stored in the environmental chamber of the plunging device, ensuring equal temperature on 
all devices in contact with the specimen. 
For preparation, a previously plasma-cleaned Quantifoil R1.2/1.3 or R2/2 TEM grid was inserted to the 
plunging device and equilibrated for 5min. Then, the particle suspension was added to the grid and 
blotted for the given time. Before plunging the grid into the freezing ethane, the liquid film was 
allowed to equilibrate for another 30s. 
The majority of the images taken of the microgel particles had to be background corrected using an 
internal algorithm of the iTEM software to visualize the hollow particles. The following samples were 
investigated: 
 
Sample name d(gold core) [nm] gold core shape c(BA) [mol%] oxidation of gold core 
Au-S-10 64 spherical 10 none 
Au-S-5-Ox 64 spherical 5 full 
Au-S-10-Ox 64 spherical 10 full 
Au-S-17-Ox 64 spherical 17,5 full 
Au-O-10 89 octahedral 10 none 
Au-O-10-P 89 octahedral 10 partly 
Au-O-10-Ox 89 octahedral 10 full 
Table 3-3: Description of specimens for the investigation of hollow microgel particles. 
 
Cryo-TEM Tomography 
In a follow-up experiment, the actual presence of a hole inside the particle was verified by taking a 
single-axis tomographic series of the specimen AuO-10-Ox, vitrified at room temperature. This 
tomographic series was prepared in January 2013. The images were recorded by Paul Bomans at FEI 
Nanoport, Eindhoven on a Technai G2 (FEI, USA), with 200kV acceleration voltage and a FEI Eagle 
camera, using the proprietary software and a 626 cryo holder (Gatan, USA). Image reconstruction was 
carried out under supervision of Dr. Heiner Friedrich. At the time of this work, both mentioned 
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researchers were working in the TU/e Soft Matter cryo-TEM Research Unit under Dr. Nico Sommerdijk 
at the TU/e (Eindhoven University of Technology) in Eindhoven, Netherlands. 
For the tomography, the specimen AuO-10-Ox was infused with a solution of gold nanoparticles with a 
diameter around 4nm for alignment. It was prepared by applying 2.5µl of the suspension to a 
Quantifoil R2.2 grid and subsequent blotting (0.8s) and freezing, using a Vitrobot Mark III device (FEI, 
USA). The tomography series was recorded by taking an image of a chosen spot every 2° in a rotation 
range from +65° to -65°. The reconstruction of the images to a stack of images representing the three-
dimensional volume was conducted using IMOD software [291]. 
 
 
3.1.5 Investigation of the Micellisation of Water-Insoluble Block Copolymers 
Structural analysis in cryo-TEM of semifluorinated block copolymers [292] was carried out to 
investigate the tendency to form micelles in a solvent other than water. For the investigations, several 
block-copolymers consisting of a poly(methyl methacrylate) (PMMA) and a semifluorinated PMMA, 
shortly called PFMA block. The blocks investigated in this work were synthesized by Kathrin Eckstein in 
the group of Dr. Doris Pospiech at the IPF Dresden. DLS-measurements were conducted on by L. 
Schellkopf as described in chapter 3.1.1.1.  Tensiometric measurements were conducted on a bubble 
pressure tensiometer by Gudrun Petzold, simulations of the phase separation diagrams of the 
copolymer systems were performed by Dr. Peter Friedel. Additional analysis of the polymers was 
performed by Dr. Dietmar Jehnichen, Dr. Hartmut Komber, Andreas Janke and Liane Häußler. All of the 
people mentioned above were working at the IPF Dresden during the work described here. The 
composition of the block-copolymer is outlined in Figure 3-5: 
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Figure 3-5: Draft of the block copolymer used for analysis. 
 
Blocks of the non-fluorinated and the semifluorinated monomers with different block length ratios 
were synthesized by ionic polymerization, the details of the procedure will be described in [P3]. As the 
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synthesis procedure was developed by the Pospiech-Group before the beginning of this work, yet was 
not published elsewhere, it will not be described here. 
For cryo-TEM analysis, blocks with different block length ratios and overall molar masses were 
investigated in respect to the formation of micelles in solution. As nearly all used copolymers are 
insoluble in water, the solvent chosen for all investigation was pure tetrahydrofuran (THF). Solutions 
with 1wt% of the dried polymer in THF were formed by stirring for at least two hours at room 
temperature. Concentration series for DLS were produced by dilution of the initial solution with 
filtered THF in the measurement cuvette. 
For the preparation of the cryo-TEM grids, the procedure described in chapter 3.1.2 was modified to 
compensate the high rate of evaporation of THF, using a droplet of 9µl on each grid and a chamber 
temperature of 6°C. Additionally, the high change in viscosity of the differently concentrated polymer 
solutions required a strong adjustment of the blotting time for each solution. However, due to short 
supply of the initial material, only a low number of grids could be used for finding the correct film 
thickness. Thus, the control over the film thickness was achieved by blotting for a short time, followed 
by a manually chosen time before plunging. This time could be determined optically, as the THF film 
showed a well visible color spectrum upon reaching a thickness suitable for TEM investigation. The 
series of investigated specimens is attached in Table 3-4, shown with molar weights measured from 
SEC. 
 
Sample name Ratio PMMA / PFMA 
MN 
[g/mol] 
Mw 
[g/mol] PDI 
Concentrations measured 
in cryo-TEM [wt%] 
PMF53 97 / 3 14 500 15 500 1.07 0.1, 1.0 
PMF102 73 / 27 26 200 28 900 1.10 0.005, 0.03, 0.1, 0.3, 1.0 
PMF103 95 / 5 57 000 64 600 1.13 0.1, 0.5, 1.0 
PMF105 62 / 38 19 200 20 800 1.08 0.1, 0.5, 1.0 
PMF106 54 / 46 18 800 20 000 1.06 0.1, 0.3, 0.5 
Table 3-4: Block-copolymer samples and concentrations for cryo-TEM investigation in THF. 
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3.2 Results of Cryo-TEM Investigations 
3.2.1 Aspects of Cryo-TEM Investigation on Different Solvents 
3.2.1.1 Investigation of Film Thickness of an Aqueous Suspension 
The usability of water and organic solvents in cryo-TEM investigations mainly depends on two aspects 
of their physical properties: Firstly, the ability to form a thin film that can be analyzed in TEM and 
secondly the ability to be vitrified without change in structure or other effects disturbing the image. To 
form a film in the holes of a certain TEM grid, the right amount of liquid is necessary. As this very low 
amount cannot be applied by a single addition of liquid to the grid, the commonly used way (compare 
chapter 2.2.3) is the application of a larger droplet on the grid, followed by removal of some of the 
liquid with a filter paper, called blotting. Using this method, the amount of the liquid is determined by 
the blotting time and the initial volume of the droplet, ignoring the evaporation of the liquid, which is 
minimized for water by working in a saturated vapor atmosphere but is very important for organic 
solvents (see below). Both parameters have to be chosen with respect to the interaction between the 
filter paper and the solvent and the viscosity of the system. Additionally, the liquid has to be able to 
form an actual film before freezing, which is influenced by the surface energy and the viscosity of the 
system. For an aqueous suspension of silica particles, a complete test row was done with different 
blotting times in order to find a universal guideline for blotting of aqueous specimens. Exemplary 
images of the test row are shown in Figure 3-6, illustrating the thickness and constitution of the 
vitrified water in dependence of the blotting time.  
 
  
Figure 3-6: Cryo-TEM images of 0.1wt% silica particle suspension at different blotting times: a) 2.0s; b) 1.6s; c) 
1.0s; areas of pixel value measurements are shown with red marks. 
 
A measurement of the average film thickness was performed by the following attempt: For each grid, a 
picture was taken at the same settings of the TEM. An area containing vitrified water clear of most 
particles and any kind of uncovered area (either a crack or an open hole in the Quantifoil grid) was 
chosen (see Figure 3-6 for examples). For each area, 20 pixel brightness values (PV – larger values 
   
a) b) c) 
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represent higher brightness) were read out using the iTEM software and a mean value of its brightness 
was formed: 
( 3.1 ) ∅𝑎𝑎𝑝 = 120 � 𝑃𝑃𝑎(𝑎𝑎𝑎)20
𝑃𝑃𝑖=1
   𝒂𝒂𝒂    ∅𝑎𝑖𝑝 = 120 � 𝑃𝑃𝑎(𝑎𝑖𝑖)20
𝑃𝑃𝑖=1
 
The standard deviation of the values for air and ice d(Ø) was also calculated: 
( 3.2 ) 𝑑(∅) = �𝑃𝑎𝑎(𝑃𝑃) 
The difference of the mean values was called the ice ratio 𝐼 and calculated as: 
( 3.3 ) 𝐼 = −∅𝑎𝑖𝑝
∅𝑎𝑎𝑝
 
The value of 𝐼 ranges between 0 for impenetrable ice as ∅ice would be zero and 1 for no ice when the 
two mean values are equal. The error of the values was calculated as the sum of both standard 
deviations: 
( 3.4 ) 𝑑(𝐼) = 𝑑(∅𝑎𝑖𝑝) + (∅𝑎𝑎𝑝) 
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Figure 3-7: Graph of ice intensity values plotted over the blotting time. 
 
Now, the ice intensity 𝐼 was plotted over the blot time for all grids with the sum of the standard 
deviations as error bars to show the statistical insecurity in this method. The plot is shown in Figure 3-7 
and shows a clear tendency of smaller ice ratio at lower blotting times. At blotting times below 1 
second, the ice is practically impenetrable by the electron beam and at a blotting time of 0.5s and 
below, only a black grid is visible, indicated by the smallest obtained ratio of 𝐼~0.04. The value is not 
equal to zero, because the CCD camera obtains signal not only from the electron beam, but also from 
outside light or noise, thus an intensity of 0 is never displayed. On the other side of the graph, it can be 
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observed that a blotting time of above 2 seconds leads to no ice on the grid, indicated by a value of 
𝐼 = 1. For the measurement of 2 seconds, only very small remains of ice were found on the carbon film 
of the grid and an average value was formed solely from free holes in the grid. 
In a range of blotting times between 0.8 and 1.8 seconds, differences in the ice thickness are 
perceivable, however as the error bars in the graph indicate, the thickness varies by a large degree for 
both Øair and Øice. Furthermore, the ice begins to form cracks (see Figure 3-6a) for blotting times above 
1.7s and large parts of the grid become too dark to see pure ice below 1.2s. In summary, a good time 
for blotting this exemplary sample lies between 1.2 and 1.7 seconds with the film thickness being 
varied by a large degree, as visible in the pixel intensity ratios. Using this graph of blotting time and 
brightness values for systems with differing viscosity or particle concentration can give a good 
indication for the control of the film thickness. 
 
3.2.1.2 Suitability of Organic Solvents 
In contrast to cryo-TEM imaging in water, the vitrification of organic solvents is not commonly used for 
analyses in the field of biology. Thus, the development of analysis methods for organic solvents is not 
equally advanced, leading to a lower number of publications on the topic, mainly using toluene [61, 62] 
or dialkyl phthalates [57, 293] but also in soybean oil [63]. M. Wirix et al. also mention the use of 1,2-
dichlorobenzene [61] while M. Schappacher et al. have taken cryo-TEM images of methanol and 
dichloromethane[294]. In this work, a series of organic solvents commonly used in the field of polymer 
synthesis are shown here by exemplary recordings of the vitrified liquid in cryo-TEM: Toluene and 
methanol (as mentioned above), chloroform, dimethylformamide (DMF), and tetrahydrofuran (THF). 
THF was used more thoroughly to test its ability to form a stable film for specimen support in 
preparation for the investigations described later (chapter 3.2.4). Furthermore the following solvents 
were tested yet did not show film or structure formation on any of the prepared grids: Acetone, 
Cyclohexane, Ethanol and Propanol. Nevertheless, these solvents might be fit for cryo-TEM 
investigation under other conditions than those of the thin film vitrification, such as freeze-fracture 
[295]. 
 
Toluene, as reported in previous publications [61, 62] cannot be vitrified in liquid ethane in the same 
fashion as water as it dissolves in the ethane. Thus, it has to be frozen in liquid nitrogen. Exemplary 
samples of toluene frozen in liquid nitrogen are shown in Figure 3-8. None of the samples prepared 
during the test series showed traces of a vitrified film in the holes of the grid. Instead, the formation of 
large crystal-like structures was observed on every grid (Figure 3-8a). On several of the grids, irregularly 
shaped frozen droplets (Figure 3-8b) are visible. Both observations point to the conclusion that the 
toluene undergoes dewetting of the TEM grid before freezing. As the heat transfer of liquid nitrogen is 
known to be much lower than liquid ethane due to the Leidenfrost effect, crystallization of toluene can 
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easily occur (see also [59]). This effect is heightened by the Leica EM-GP which is not properly 
equipped for freezing procedures in liquid nitrogen. The device does not completely deactivate the 
heating of the coolant container leading to a constant evaporation of liquid nitrogen and thus further 
decreasing the cooling rate. Those factors might lead to the formation of large crystals and smaller 
droplets during the freezing process. 
 
    
Figure 3-8: Exemplary cryo-TEM images of toluene, frozen in liquid nitrogen; a) Overview image of sample 
Toluene-3 showing large crystals; b) Sample Toluene-1, showing non-crystalline and crystalline parts. 
 
An additional observation from the imaging of toluene samples is shown in Figure 3-9. The images 
show the structural change of the toluene crystal after illumination at low beam intensity (~5e/Å²) for 
several seconds. The toluene appears to melt very easily under the electron beam, possibly as the 
melting point of -95°C is quickly reached during irradiation. Accordingly, even if a thin film is formed, 
images in toluene have to be recorded at very low beam intensities to retain the stability of the film, 
making it a generally difficult solvent for cryo-TEM investigations. 
 
a) 
  
b) 
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Figure 3-9: Cryo-TEM images of the Sample Toluene-2, taken at low intensity in overview mode; a) after 
irradiation for 5s; b) after irradiation for 10s. 
 
While the use of dichloromethane in cryo-TEM was reported before [294], the less expensive 
chloroform was, to the knowledge of the author, not mentioned in literature up to today. Figure 3-10 
shows exemplary images of grids with chloroform, frozen in liquid ethane. Blotting times between 2.2 
and 2.8 seconds form structures as shown in Figure 3-10a covering most of the grid, while a longer 
blotting time lead to a grid free of ice and a time below 2.2 seconds leaves a layer impenetrable by the 
electron beam (see Figure 3-10b). The structure shown in Figure 3-10a can interpreted as residue of 
the coolant ethane, possibly retained on the surface of the grid by remaining chloroform.  As this 
structure was also visible on grids with vitrified water, THF and DMF (see below) it can be presumed 
that it has no effect on the film formation. Although no film was formed in the presented experiments, 
chloroform might be able to form a continuous film under the right conditions, possibly if the 
evaporation of chloroform can be controlled. However, with chloroform being a good solvent for some 
materials used inside the Leica EM-GP and its fumes showing toxic effects on several organs [282], 
experiments in a chloroform atmosphere were not conducted. 
The polar DMF is a good solvent for many polymers and is often used in large scale applications due to 
its high boiling point (152°C) and low rate of evaporation. In cryo-TEM, the low rate of evaporation 
facilitates the handling of the solvent, enabling the formation of a solvent film under conditions very 
close to these of water (see Figure 3-11a). 
Similarly, methanol can be vitrified without further problems when using a shorter blotting time 
compared to waster (shown in Figure 3-11b). Furthermore, methanol appears to exhibit less attraction 
to the coolant ethane, as the structure formed on large parts of the vitrified DMF, is not present on the 
grid with methanol. 
 
b) a) 
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Figure 3-10: Exemplary cryo-TEM images of chloroform samples, a) Chloroform-1 with 2.5s blotting time; b) 
Chloroform-2 with 2s blotting time under otherwise same conditions. 
 
For DMF (as well as chloroform – see above) the freezing in liquid nitrogen might be preferable, if the 
equipment allows this method, while methanol does not pose a problem when freezing in liquid 
ethane. On the other hand it was found that, while the hydrophillicity of the grid does not influence 
the film formation of DMF, methanol only shows good distribution of the solvent on a plasma-treated 
grid. 
 
    
Figure 3-11: Exemplary cryo-TEM images of a) DMF and b) Methanol vitrified in liquid ethane. 
 
Another organic solvent often used for polymers such as polyesters and polyacrylates is 
tetrahydrofuran, a cyclic ether with a boiling point of 66°C and a relatively high rate of evaporation 
[282]. In this work, THF was the solvent analyzed most deeply in cryo-TEM as preparation for the 
investigations of block-copolymer systems (described below). 
The predominant problem of THF for cryo-TEM applications is the high rate of evaporation of the 
solvent. When using a droplet with the same volume as water and other organic solvents (3.5µl), the 
a) b) 
 
 
 
 
 
 
 
a) b) 
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blotting and plunging process requires an amount of time large enough to evaporate all solvent from 
the grid. Thus, a higher volume of the sample was chosen to minimize the effect of the evaporation 
and the temperature of the environmental chamber was set to 6°C. At this temperature, the viscosity 
of the solvent does not change to a large degree compared to room temperature, yet minimizes the 
rate of evaporation facilitating the handling of the droplet on the grid. For analyses of solutions or 
suspensions in THF, it has to be remembered that this high evaporation rate on the grid changes the 
concentration of the specimen, possibly to a large degree. 
 
   
   
Figure 3-12: Cryo-TEM images of THF, a) Overview of THF-1 (frozen from room temperature); others THF-2 (larger 
droplet frozen from 6°C); b) overview; c) close-up of the film; d) film after shrinking under the electron beam. 
 
Figure 3-12 a and b show an overview of the exemplary grids chosen to compare the two blotting 
procedures. It is clearly visible that a film is formed under both conditions, with nearly no traces of 
ethane contamination on the grids. However, using a smaller droplet at room temperature leads to a 
very thin film that starts tearing under the electron beam before the first images can be taken. In 
contrast, the preparation parameters of the sample THF-2 lead to a very regular filling of the holes 
inside the TEM grid by vitrified THF.  In both cases, the solvent appears to be mostly amorphous (see 
 
 
 
 
a) b) 
 
 
 
 
d) c) 
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Figure 3-12c) and no crystals are formed upon longer irradiation. Instead, when a sufficiently thick film 
of THF is irradiated for a longer time, it mostly forms cracks by shrinking from the thinnest side. When 
the solvent is irradiated for an even longer time and does not loose contact with the stabilizing carbon 
foil, the film stops shrinking and assumes a stable shape, as shown in Figure 3-12d. This behavior might 
be explained by the polymerization of THF, similar to the formation of polytetrahydrofuran induced by 
acids [296]. 
Combining all results presented in this chapter, the solvents found to be accessible for a cryo-TEM 
analysis under the experimental conditions at the IPF Dresden are summed up in the following Table 
3-5. As the sample preparation for cryo-TEM strongly depends on the properties of the specimen itself, 
this list should be seen as a first guideline without a claim of completeness. Under the right conditions 
it might be possible to vitrify any of the mentioned solvents while it might be impossible to analyze 
certain solutions in the solvents shown to form a good film in this work. 
Nonetheless, this table shows that several organic solvents in a large range of polarity can be vitrified 
and used for cryo-TEM investigations. Using these findings as a guideline, it is possible to conduct 
structural analyses of polymer systems which are insoluble in water. 
 
Solvent Film formation Remarks Advises 
Acetone No Too quick evaporation - 
Chloroform (Yes) Solvent film either too thick or thin Control of evaporation is needed 
Cyclohexane No Too quick evaporation - 
DMF Yes Strong attraction to liquid ethane Procedure similar to water 
Ethanol No Formation of droplets instead of films - 
Methanol Yes Blotting time shorter than water Plasma-treated grid required 
Propanol No Formation of droplets instead of films - 
THF Yes High evaporation Larger droplet, lower temp. 
Toluene No Possible using different setups [61, 62] High cooling rate is required 
Table 3-5: Solvents tested by cryo-TEM in respect to their film formation and results of these tests. 
 
 
3.2.2 Structure of Biocompatible Polymeric Stars 
A polymer solution does not always consist of single polymer chains in stretched or (mostly) coiled 
form, but often contains aggregates of several molecules. This is possible when the intermolecular 
attraction between the polymer chains is larger than between a polymer chain and the solvent (see 
chapter 2.1.1). In the special case of polyelectrolytes, this interaction can be a strong attraction 
between differently charged polyions and leads to the formation of stable structures on surfaces [297-
299, 300 and references therein] or in solution [103 and references therein, 301-303]. Depending on 
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the molecular weight, structures from few or single molecules possess a low size and density, making 
them invisible on TEM images. They have to be identified by comparison with TEM image simulations 
or other means of analysis. In contrast to homopolymers, copolymers consisting of different monomers 
often show the ability to aggregate into larger structures of different shapes and surface properties in 
solution, making them suitable specimens for structural analysis in cryo-TEM [60, 293, 304-310]. A 
newly formed combination of copolymer can show tendencies to aggregate into different structures 
than known copolymers, making structural investigations for each system inevitable. 
 
 
Figure 3-13: AFM-recording of the sample PEI-PGlu, dried on a Si-Wafer. (A) 2D- and (B) 3D-image 1x1µm with 
10nm height scale, (C) cross section of single polymer particle.  Images reprinted from [P1] with permission. 
 
In this work, a star-like system formed from a commercially available hyperbranched poly(ethylene 
imine) core and a poly(glutamic acid) shell decorated with sugar molecules is investigated in respect to 
its tendency to form aggregates. The naming scheme for the specimens is as follows: PEI-PGlu stands 
for the copolymer star system, maltose-modified samples have a ‘Mal’ added and the number refers to 
the concentration in aqueous solution using a factor of 0.1g/l. 
Based on comparisons with the results previous work on these molecules, [306, 311], the size of the 
individual molecules is expected to be less than 10nm. AFM analysis of the sample PEI-PGlu-2 (no 
Maltose; 0.2g/l) dried on a flat surface confirms this estimation, showing a diameter of 10-15nm and a 
height of about 7nm for single structures (see Figure 3-13). From first DLS measurements in PBS 
buffered water, an aggregation of the single molecules to larger particles was presumed. The first cryo-
TEM investigation of the specimen PEI-Glu-Mal-P5 was conducted in PBS-buffer to confirm the 
existence of aggregates. An image of the first tests of the sample is shown in Figure 3-14a (for an 
Overview image see supplementary information, Figure 6-3). It does not show any visible particles or 
A
B
C
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aggregates that could be contributed to the polymer system. However a structure of differing density is 
visible in the solvent. 
 
 
Figure 3-14: cryo-TEM recordings of the specimen PEI-PGlu-Mal-5; a) direct freezing; b) after 10s equilibration 
time. Scale bars are 200nm. 
 
Upon further investigation of this specimen, a connection between this visible structure in the solvent 
and the equilibration time between blotting and plunging was found. If this equilibration time is set to 
10s, the structure of the solvent vanishes and a loose arrangement of single polymer particles becomes 
visible (see Figure 3-14b and Figure 6-4 in the supplementary information). The visible structures show 
a size distribution comparable to the volume intensity curve measured in DLS at very low 
concentrations of the particles (see Figure 3-15). While the TEM distribution curve shows a maximum 
around 9.5nm for the particle diameter and runs slightly higher towards larger diameters, the DLS 
curve has its maximum at 7.5nm. This difference might be explained by uncertainty of identifying the 
borders of the particles in the images (the images are recorded at insufficient magnification as higher 
magnification leads to higher dose and radiation damage), the uncertainty of magnification calibration 
and dependence of magnification on defocus. Both results point towards the assumption that the 
aggregation of the particles depends on the preparation of the sample, rather than being an actual 
phenomenon of the polymer system. For cryo-TEM, a strong change in concentration of the polymer 
solution could have been induced by the contact of the droplet with the filter paper during blotting, 
leading to a temporary aggregation of the single particles, visible as an area of different density in TEM. 
After a certain time, the charged polymers will separate and form a layer of single particles inside the 
water film. However, the particles do not suspend with regular distribution in water, but rather form 
loose conglomerates of separated particles. The density of these conglomerates appears to be 
dependent on the local concentration of the particles. 
It can be assumed that the attraction between the individual polymer particles is higher than between 
them and the solvent, yet not large enough to form dense, inseparable aggregates. Electrokinetic 
investigations (see Figure 3-16) show a pH-dependent zeta potential of around -10mV at neutral pH for 
a) 
  
b) 
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the sample PEI-PGlu-Mal, indicating a slightly negative surface charge coming from PGlu. This negative 
surface is also shown in the streaming potential, where the difference to the strongly positively 
charged PEI core is shown. A zeta-potential of -10mV indicates a low repulsion of the particles due to 
electrostatic forces, possibly preventing a permanent aggregation of the particles. Additionally, it 
appears that the maltose decoration compensates a part of the surface charge of pure PEI-PGlu 
particles, leading to a plainer slope of the zeta-potential curve. Apparently, the surface charge can be 
compensated by the molecules surrounding the particles. 
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Figure 3-15: Size distribution measured from TEM-images of sample PEI-PGlu-Mal-5 vs. DLS. 
 
The tendency to form conglomerates in solution also explains the tendency of DLS measurements to 
show higher hydrodynamic sizes, as the conglomerations of the particles certainly exhibit multiple 
scattering during the measurement. The hypothesis of particle conglomerations is supported by images 
taken with equilibration times between 0 and 10 seconds: For the specimen PEI-PGlu-Mal-2, frozen 
directly after blotting, the already known structure of the water film is observable (Figure 3-17a). 
 
Figure 3-16: a) pH-dependent Zeta- and b) streaming-potential measurements of PEI-PGlu (called PEI-PGlu-346 as 
one of the specimens mentioned in the paper) and PEI, reprinted from [P1] with permission. 
a) b) 
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However, for the same specimen prepared with an equilibration time of 2s, the structure is barely 
visible and some darker spots indicate the presence of slightly aggregated particles (Figure 3-17b) 
while an equilibration time of 4s (Figure 3-17c) leads to the structure known from PEI-PGlu-Mal-5 after 
ten seconds time between blotting and plunging. In this equilibration time, the particles appear to 
dissipate from a denser aggregation, to the previously mentioned loose conglomerations. A reason for 
the aggregation might be the change of concentration due to removal of water during the blotting 
process. The increasing concentration of polymer particles on the grid probably induces the 
aggregation of the conglomerates to denser aggregates, followed by a slower de-aggregation of the 
particles in the water film.  As the dissipation happens without outer influence, it can be regarded as 
an equilibration process towards a more stable state. 
 
   
Figure 3-17: cryo-TEM images of the specimen PEI-PGlu-Mal-2; a) direct plunging; b) after 2s equilibration time; c) 
after 4s equilibration time. All scale bars are 500nm. 
 
A test with the specimen PEI-Glu-Mal-P5, i.e. the polymer dissolved in PBS buffered water, showed that 
an equilibration time of 4s (Figure 3-18a) leads to the same structure obtained after direct plunging. 
After 10s (Figure 3-18b), the images did not show any difference from the specimens in pure water. 
This finding indicates that the time needed for the polymer to equilibrate is longer in buffered solution, 
which can be explained by the compensation of the surface charge of the polymer particles by the high 
ion count inside the buffer solution. As for the specimen in water, this compensation does not lead to a 
permanent aggregation detectable in cryo-TEM. It can be presumed that the salt concentration does 
not have a large influence on the behavior of the particles, possibly as the decoration with maltose 
already leads to a good compensation of surface charges of the polymer particles. 
The cryo-TEM investigations of the specimen PEI-PGlu-5 and -P5, i.e. particles consisting of the PEI-core 
with PGlu-shell but without maltose on the surface, were not successful in matter of the visualization 
of single particles or aggregates. For a typical image taken from a specimen prepared with 10s 
equilibration time see Figure 3-19a. 
 
   
a) b) c) 
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Figure 3-18: cryo-TEM images of sample PEI-PGlu-Mal-P5; a) after 4s equilibration time; b) after 10s equilibration 
time. 
 
The behavior of the specimen in relation to the equilibration time is similar to the previously shown 
PEI-PGlu-Mal specimens, however after longer equilibration time the specimen does not contain visible 
single particles as shown above. Instead, small dark spots are visible in the water film adjacent to the 
carbon grid. Following the size distribution of the maltose-decorated specimens, it is presumed that 
the size of the simple core-shell structure is below the resolution obtained in the low-dose conditions 
used in cryo-TEM. In contrast, the specimen can be analyzed in liquid AFM (Figure 3-19b), indicating 
that the structure has a higher elastic modulus without the maltose molecules surrounding it. 
 
 
Figure 3-19: a) cryo-TEM image of PEI-PGlu-5, 10s equilibration time; b) AFM image of the same specimen, 
reprinted from [P1] with permission. 
 
a) 
a) b) 
  
 
b) 
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In summary, the experiments described in this chapter have shown that the system composed of a 
hyperbranched poly(ethylene imine) core and a poly(glutamic acid) shell, decorated with maltose 
shows a concentration-dependent dynamic aggregation behavior. The aggregation of the polymer 
particles appears to be reversible with a stable state of loose conglomerations of separated particles. 
This behavior could be successfully shown with cryo-TEM investigation using a variation of the 
equilibration time between blotting and plunge-freezing of the specimen and is supported with AFM 
and DLS investigations. 
 
 
3.2.3 Hollow Polymeric Microgel Particles 
All procedures for the synthesis of hollow microgel particles known to date rely on the formation of a 
core-shell particle and subsequent removal of the core while leaving the shell intact. Among others, 
there are procedures of the treatment of silica particles with the silane coupling agent 3-
(trimethoxysilyl)propyl methacrylate and polymerization of NiPAM [312], formation of copolymer-
particles of PAA and PNiPAM around hydropropylcellulose [313], formation of PNiPAM around poly(ε-
caprolactone) [314] or an existing microgel with degradable crosslinker [315]. Furthermore, the 
synthesis of microgels around a metallic core has been researched [72, 288, 289, 316], leading to the 
possibility of the oxidation of said core. 
The articles from the previous paragraph show that the analysis of these microgel particles was mainly 
conducted using DLS, WAXD, TEM and AFM. As none of these methods enables the analysis of the 
complete geometry of the hollow particles in aqueous suspensions, the investigations with cryo-TEM 
were started to determine the shape of the hollow structure inside the synthesized PNiPAM particles. 
The first series of investigations was carried out to investigate the structure of the microgel particles 
with the gold core present and test the visibility of said gold core. Two different Microgel particles (Au-
S-10 with spherical gold core and Au-O-10 with octahedral gold core and 10% crosslinker used in the 
synthesis) were analyzed at room temperature and at 50°C. These values well below and above the 
LCST of the PNiPAM, respectively were chosen to ensure a complete change of the solution state of the 
polymer. 
A typical image taken from the specimen Au-O-10 in swollen state is shown in Figure 3-20a. This image 
shows that the normal brightness distribution in the taken images does not allow distinction between 
the gold core and the microgel particle around it. This distinction can only be achieved by processing 
the obtained images with a so-called background corrector that adjusts the brightness levels of 
adjacent pixels in relation to their neighbors to highlight darker structures. The result for the same 
particle is shown in Figure 3-20b. Here, the gold core is well visible inside the microgel particle; 
however the edges of the particle are blurred by this modification, impeding a measurement of the 
particle diameter. 
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Figure 3-20: cryo-TEM image of the sample Au-O-10; a) without modification; b) with background correction from 
Olympus iTEM. 
 
This can be observed in Figure 3-21, where a circle was drawn over all images at the diameter where 
the brightness change was most clearly visible to visualize the degree of swelling. It can be observed 
that the diameters for swollen or collapsed microgels do not differ by a notable degree, as indicated by 
the drawn circles.  
 
 
Figure 3-21: TEM single particle images of a) Au-S-10, frozen from 20°C; b) Au-S-10, frozen from 50°C; c) Au-O-10, 
frozen from 20°C; d) Au-O-10, frozen from 50°C. Scale bars are 100nm. 
a) b) 
c) d) 
 
 
a) b) 
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For the Au-S-10 particles made from gold spheres with a diameter of around 64nm, the diameter of the 
microgel is measured to be 281±31nm. The specimen Au-O-10 polymerized around gold octahedra 
with the diameter of 89nm shows a microgel diameter of 464±46nm. However, it can be presumed 
from several images like Figure 3-21a) that the particles stretch over the estimated circle at some 
points as they are not necessarily spherical. In comparison, the DLS measurements of the same 
particles (see Figure 3-22) lead to diameters of 319nm and 617nm for the spherical and octahedral 
core particles, respectively. 
Besides the already mentioned blurring of the TEM images by processing, there are two main reasons 
for the poor comparability of cryo-TEM images and DLS: Firstly, the DLS calculates the so-called 
hydrodynamic radius (or diameter) from the mobility of the particles using preset mathematical 
models (see chapter 2.3.2). This mobility decreases with increasing hydrophilicity of the polymer, as 
the shell of water formed around the polymer becomes larger, leading to a higher calculated value of 
the radius. This shell of water molecules is not visible in TEM and thus cannot be used to determine a 
hydrodynamic radius. Secondly, as it was explained in the theoretical aspects (chapter 2.2.2), the TEM 
images only show the polymer inside its surrounding water when there is a certain material contrast or 
structure (see also chapters 3.2.1 and 4.2.4). Particularly on the outside of a swollen microgel particle, 
the polymer is not necessarily dense enough to be visualized in TEM. Both reasons usually lead to a 
smaller diameter measured in TEM images, compared to DLS. Furthermore, as DLS forms an average 
over all measured particles and assumes spherical particles in the mathematical model, aggregates 
formed in the measured solution might be detected as larger objects, leading to an increase of the 
average size. 
Due to the larger change in hydrodynamic Radius, the DLS measurements show a clear difference in 
hydrodynamic diameter between measurements at 20°C and 50°C which is not visible on the TEM 
images. A possible reason for that lies in the preparation of the TEM samples leading to a different size 
distribution of the particles on the TEM grid than in solution. Furthermore, as the particles recorded 
during a session of cryo-TEM are chosen according to their visibility by the user of the microscope, a 
preference for a certain fraction of the whole specimen can always exist. These inaccuracies indicate 
that a measurement of the particle size solely from TEM might not bring up an errorless result and 
should always be compared together with statistical analyses, such as light scattering. The advantage 
of TEM in this investigation lies in the direct visualization of the internal structure of the microgel 
particles, unobtainable by DLS. All average values from TEM and DLS are summed up in the following 
Table 3-6. 
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Figure 3-22: DLS graphs of microgel particles with gold core, reprinted from [P2] with permission. 
 
Sample 
name 
d(DLS) 20°C 
[nm] 
d(DLS) 50°C 
[nm] 
d(TEM) 20°C 
[nm] 
d(TEM) 50°C 
[nm] 
h(TEM) 20°C 
[nm] 
h(TEM) 50°C 
[nm] 
Au-S-10 319 182 281 272 -2 -2 
Au-S-5-Ox -1 -1 561 441 -2 -2 
Au-S-10-Ox 304 188 342 293 134 98 
Au-S-17-Ox -1 -1 376 335 126 105 
Au-O-10 617 336 464 455 169 150 
Au-O-10-P 635 388 626 498 207 134 
Au-O-10-Ox 656 427 522 451 211 171 
Table 3-6: Outer (d) and inner hole (h) diameters for swollen (20°C) and collapsed (50°C) hollow microgel 
particles, from cryo-TEM and DLS; Remarks: 1: no reliable data obtained 2: no measurable hole. Naming scheme 
as follows: Au-S – formed around spherical gold core; Au-O – octahedral core; [number] – concentration of 
crosslinker; Ox – gold core oxidized 
 
After the visibility of the inside of the microgel particles was confirmed, the structure of the particles 
with fully oxidized core was investigated. For this series, microgel particles with different amount of 
crosslinker were investigated above and below the LCST of PNiPAM. The primary intention of these 
investigations was to analyze the structure of the hole in the particles as a function of the temperature, 
to use the microgel as potential drug carrier with controllable release mechanism. Following DLS 
measurements, the particles were frozen from 20°C and 50°C and images comparing the size of the 
whole particle and the hole were taken. 
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Figure 3-23: cryo-TEM images of the specimen Au-S-5-Ox, formed from 64nm gold particles with 5% crosslinker; 
a) and c) frozen from 21°C; b) and d) frozen from 50°C. 
 
Figure 3-23a and b show single particles from the sample Au-S-5-Ox and Figure 3-23c and d show an 
overview over several particles, below and above the LCST, respectively. At both volume transition 
states, the particles do not possess a strictly defined shape, however in collapsed state (frozen from 
50°C), the particles appear to be shaped spherical. For both states, the hollow structure is not clearly 
visible for most of the particles. It can be presumed that the crosslinker density is too low to fully 
support a defined structure, including a hole inside the particle. The average particle diameter 
decreases from 561nm in swollen state to 441nm in collapsed state. As expected from the theoretical 
basics by Flory [301], the degree of swelling is larger compared with the particles with higher 
crosslinker concentration (see Table 3-6). 
  
  
c) d) 
b) a) 
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Figure 3-24: cryo-TEM images of the specimen Au-S-10-Ox formed from 64nm gold particles with 10% crosslinker; 
a) frozen from 21°C; b) frozen from 50°C. 
 
Images a and b of Figure 3-24 show particles from the sample AU-S-10-Ox with 10% of BA frozen in 
swollen and collapsed state, respectively. Both images show an almost spherical particle with a visible, 
also spherical hole in the middle. The average outer diameter of the particles is 342nm in swollen and 
293nm in collapsed state (both measured from TEM images; for values from DLS see Table 3-6) and the 
hole inside the particle changes its average diameter from 134nm to 98nm during the temperature 
change. While the hole distinctly decreases in size during the collapse above the LCST, this cryo-TEM 
investigation shows that it does not fully collapse. It can be observed that a crosslinker content of 10% 
stabilizes the overall shape of the particle much better than half the amount. It also needs to be 
mentioned that the hole in both states is larger than the initial gold particle around which the hollow 
structure was formed. Obviously, the microgel is able to further expand after the dissolution of the 
gold core to which the PNiPAM has been chemically bound before. This assumption is further 
confirmed by investigation of particles formed from an octahedral gold core. In the specimen Au-O-10-
P with an only partially oxidized gold core (see Figure 3-25), the hole has a diameter of 207nm in 
swollen and 134nm in collapsed state, while the same sample Au-O-10-Ox with fully oxidized gold core 
shows diameters of the hole changing from 211nm to 171nm. The sample Au-O-10 with the gold core 
still present shows average hole diameters of 169nm in swollen and 150nm in collapsed state. Thus, 
the more the gold core is oxidized, the higher the diameter of the hole becomes in both swollen and 
collapsed states. 
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Figure 3-25: cryo-TEM images of the specimen Au-O-10 formed around 89nm gold octahedra; a) and b) with 
partially oxidized core; c) and d) with fully oxidized core; a, c) frozen from 21°C; b, d) frozen from 50°C. 
 
A third microgel (Au-S-17-Ox) fabricated from spherical gold particles with 17.5% of BA was also 
investigated; exemplary images are shown in Figure 3-26. The size of the microgel particles measured 
from TEM (376nm and 335nm for swollen and collapsed state, respectively) is larger than the 
previously shown sample with 10% of crosslinker, being inconsistent with the previously mentioned 
relation between crosslinker and degree of swelling. Besides the previously mentioned inaccuracy of 
the measurement technique due to the applied background correction, his can be explained with 
higher density and more defined spherical structure of the microgel leading to a higher contrast in 
TEM. DLS measurements of this specimen lead to very high calculated values, indicating a tendency of 
the particles to aggregate. Thus, the diameter obtained from TEM could not be verified. The average 
diameter of the hole in these particles was measured as 126nm in swollen and 105nm in collapsed 
state, indicating a smaller change of the diameter compared to the particles with 10% BA. 
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Figure 3-26: cryo-TEM images of the specimen Au-S-17-Ox formed from 64nm gold particles with 17.5% 
crosslinker; a) frozen from 21°C; b) frozen from 50°C. 
 
The comparison of the three used concentrations of crosslinker in cryo-TEM clearly shows that the 
hollow shape of the particle and its collapsing around the LCST strongly depend on the overall flexibility 
of the particle. This is verified by AFM measurements in dry state, where the hole in the particle is seen 
as a cavity in height measurements of Au-S-10-Ox and Au-S-17-Ox, while no such geometry could be 
found in Au-S-5-Ox (see Figure 3-27). The measurements of the three specimens show that the hole in 
the particles can only be stabilized above a certain amount of crosslinker in the microgel. Furthermore, 
it has been shown that, while size of the hole is decreased above the LCST of PNiPAM, it does not fully 
collapse. This has to be taken into account, regarding the possible use of the particles as drug carriers. 
 
 
Figure 3-27: AFM topography images of hollow-PNiPAM particles with A) 5, B) 10 and C) 17.5% of crosslinker. 
Insets represent the height profile in each case. Reprinted from [P2] with permission. 
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In an additional analysis at the TUe (University of Eindhoven), the actual presence of a hole inside the 
particle was verified by taking a tomographic series of the specimen Au-O-10-Ox, vitrified below LCST. 
The microgel formed by oxidation of the octahedral gold particles was chosen, as the larger diameter 
of the particles was expected to form the largest and thus most easily visible hollow structure. Figure 
3-28 shows three slices taken from the 3D-reconstruction of the tomographic series, the first one from 
the upper part, the second from the middle and the third from the bottom of the reconstructed 
volume. A larger version of the images shown here can be seen in the supplementary information 
(Page BB), the video of the reconstruction and the tomography series are made available in the 
supplementary information of reference [P2]. Figure 3-28a shows the hollow structure of the first 
particle, with a small remaining gold core inside. The images in Figure 3-28b and c also visualize the 
hole in the other particles. Independently of the specimen geometry, this points to the fact that the 
particles are located in different height inside the vitrified liquid film. Accordingly, it can be presumed 
that the film possesses a thickness of several hundred nanometers. 
Comparing the tomography results with previous measurements, it can be observed that the sizes of 
the particles and holes are in a similar range, verifying the 2D recordings acquired before and proving 
that the particles actually possess a hollow structure. 
 
 
Figure 3-28: Snaps from different heights of the reconstructed volume of the cryo-TEM tomography of Au-O-10-
Ox, reprinted from [P2]. 
 
In summary, the synthesis of hollow PNiPAM microgel particles has been proven successful, by DLS-, 
TEM- and AFM- measurements. The series of cryo-TEM measurements has shown the existence of the 
hollow structure, its dependence of the LCST and its shape and size in relation to the content of 
crosslinker in the microgel. The existence of the hole inside the particles formed by the oxidation of the 
initial gold core has been shown by cryo-TEM and verified by a tomographic analysis. It has been 
shown that the diameter of the hole depends on three factors investigated here: the size of the initial 
gold core, the amount of crosslinker and the degree of swelling related to the temperature. Following 
these results, the control of the mentioned factors enables the tailoring of microgel particles to a 
certain application, such as drug-carriers with controlled release-mechanism. 
c) b) a) 
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3.2.4 Investigation of the Micellisation of Water-Insoluble Block Copolymers 
While micellisation of block-copolymers in water was largely investigated (see for example [103, 116, 
305, 307, 317] and references therein) during the last decades and also cryo-TEM investigations are 
common for these systems [293, 304, 308, 309, 318], investigations in organic solvents are less 
common [307, 319-321]. 
As fluorinated polymers show an overall bad solubility [302] due to the low free surface energy of the 
perfluorinated organic groups [298], block copolymers with a better soluble second block usually 
behave like amphiphilic systems (for example described in [303]). The system investigated in this work 
is insoluble in water due to its fluorinated methacrylate block, yet appears to show amphiphilic 
behavior in tetrahydrofuran (THF), as investigated in first tensiometric measurements (see Figure 
3-29a). 
The samples investigated in this work are listed in Table 3-4 (page 34), together with their properties. 
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Figure 3-29: a) Tensiometric measurement of the sample PMF102 in THF, measured by bubble tensiometry; b) 
Intensity profiles over the hydrodynamic diameter of specimen PMF102 at different concentrations, measured by 
DLS in THF. 
 
In this figure, it is visible that the decrease of the surface tension is relatively low and does not indicate 
a clear critical micelle concentration (cmc). Furthermore, the two conducted measurements strongly 
differ from each other, reducing the reliability of this method. The main reason for this is the quick 
evaporation of THF, which influences the concentration of the polymer (particularly at low initial 
concentrations) and the pressure measured by the bubble tensiometer. 
To investigate the behavior of the chosen sample PMF102 further in regard to its possible cmc, DLS-
measurements were conducted at decreasing concentration by repeated dilution of a solution with an 
initial concentration of 1wt%. The results of the DLS-investigations are displayed in Figure 3-29b and 
show only a small difference in all curves: While the concentration of 1wt% leads to a wider curve 
(possibly due to multiple scattering of highly concentrated micelles) the lowest detectable 
concentration of 0.005wt% shows a larger peak than the other concentrations. A lower concentration 
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did not lead to an evaluable signal, leading to the assumption that the concentration was falling below 
the cmc at that point. However, this assumption does not explain the increase of the average micelle 
size at 0.005wt%. 
 
     
Figure 3-30: Cryo-TEM images of sample PMF102 in THF; a) concentration 0.005wt%; b) concentration 0.001wt%. 
 
To verify the cmc, a sample with a concentration of 0.005wt% was investigated in cryo-TEM; an 
exemplary image is shown in Figure 3-30a. It shows a conglomeration of few spherical micelles as it 
was visible on several parts of the grid. The diameter of the dark part of the spherical micelles lies 
between 60 and 70nm for all concentrations. Decreasing the concentration to 0.001wt% (Figure 3-30b) 
led to a lower count of the micelles (respectively their agglomerations); further dilution of the sample 
did not lead to any visible micelles. However, it has to be taken into account that these low 
concentrations did not show any signal in DLS, possibly as it lies below the detection threshold of the 
used setup. Furthermore, due to the high rate of evaporation exhibited by THF (see also chapter 3.2.1), 
the concentration of block copolymer on the vitrified grid is potentially higher than in solution, leading 
to the formation of micelles during cryo-TEM preparation. It can also be suspected that at the 
concentration of 0.001wt%, the micelle count is below the detection limit for cryo-TEM, as for example 
some micelles might be present in uninvestigated parts of the grid, such as the copper bars or below 
contaminating ice. Thus, from these investigations, it can only be concluded that the cmc for the 
polymer PMF102 lies below a concentration of 0.005wt%. 
To find reasons for the decrease of surface tension between 0.1 and 0.2wt%, additional investigations 
of this sample at higher concentrations were conducted. Figure 3-31a and b show images of the 
specimen at concentrations of 0.01wt% and 0.03wt%, respectively. The higher concentration of 
polymer is perceivable over the grid as an increase in the amount of micelles. Additionally, elongated 
micelles with a length up to 400nm are visible in between the spherical ones (for a closer description of 
the micelles see below). It needs to be noted that visible elliptical micelles might have been initially 
spherical, yet were deformed by the blotting process or changes in the THF film (a tear in the film is 
visible in Figure 3-31b). 
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Figure 3-31: Cryo-TEM images of sample PMF102 in THF; concentration 0.1wt%; b) concentration 0.3wt%. 
 
No clear explanation for the decrease in surface tension can be deducted from the cryo-TEM 
investigation; however it can be presumed that the formation of different amounts of elongated 
micelles leads to a change in the surface energy of both, the micelles and the solution. An additional 
observation (visible for all investigated micelles on most images) is the core-shell structure, as shown in 
Figure 3-31b. This structure indicates the separation of the two blocks into an insoluble center and a 
soluble shell, forming the typical structure of a block-copolymer micelle. The formation of these 
elongated micelles from separated polymer blocks was largely described for aqueous systems (see for 
example [293, 299, 309], yet to confirm the same behavior in THF, further investigations using other 
samples with different block ratios and overall molecular masses were conducted. 
 
Figure 3-32: Phase diagram of the semifluorinated polymer system showing a spinodal curve and the investigated 
specimens at the position of their values of χN and molar fraction. 
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The samples used in this work are shown in a phase diagram together with a spinodal curve simulated 
from mean-field calculations [300, 322] for this system. In this diagram, the Flory-Huggins interaction 
parameter χ times the number of repeating units N is plotted over the molar fraction of the two blocks 
in this polymer. Above the spinodal curve, the two (assumedly flexible and amorphous) polymers 
would be phase-separated if mixed in molten state [323]. The only investigated polymer that is below 
this line is the sample PMF-53 with a very small fluorinated block, thus it could be assumed that the 
blocks would not separate. However, experiments [324] have shown that semifluorinated compounds 
below the theoretical phase separation limit can also show demixing. The other polymer specimens are 
located in the phase separation region and are expected to from micelles in THF. 
To analyze the behavior of a series of different molar fractions, the specimens PMF105 and PMF 106 
with slightly lower molecular weight and decreasing fraction of FMA were investigated in DLS and cryo-
TEM. Both specimens did not offer reliable DLS curves at any concentration, as the autocorrelation 
function led to the calculation of multiple size peaks, changing with each measurement. Cryo-TEM 
analyses of a 0.5wt% sample of PMF105 show a combination of spherical and linear (or wormlike) 
micelles (see Figure 3-33). This explains the unreliable DLS results, as the calculations of the device are 
based on spherical objects. The length of the micelles mostly shows an average value of 266nm, yet 
reaches up to above 2µm for some micelles, while the diameter ranges from 49.5nm to 56.2nm for all 
micelles. At the end of some of the wormlike micelles, a thickening with an average diameter of 
60.8nm is visible. The diameter of the spherical micelles is averagely 53.6nm, thus the spheres are 
larger in diameter than the elongated micelles, yet smaller than the thickened end of some of them. A 
change in concentration to 0.1wt% or 1.0wt% did not lead to different geometries of the micelles. 
 
      
Figure 3-33: Exemplary cryo-TEM images of sample PMF105 in THF with a concentration of 0.5wt%. 
 
In contrast to PMF105, the specimen PMF106 has a larger block of semifluorinated methacrylate, while 
the molar masses are almost identical (MN=19200 and 18800 g/mol, respectively – compare Table 3-4). 
The DLS results of the polymer solutions in THF did not offer reliable results, showing autocorrelation 
functions close to the ones of PMF105. Cryo-TEM investigations confirmed the assumption that the 
micelles possess a wormlike structure. In contrast to the previous specimens, PMF106 shows a 
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dependence of the micellar structure to the concentration, as shown in Figure 3-34, where image a) 
shows micelles in a 0.1wt% solution and image b) depicts the same polymer at a concentration of 
0.5wt%. While the lower concentration leads to shorter micelles with average length of 464nm and 
diameter of 62.0nm, with some micelles being distinctly longer, the higher concentration creates a 
dense network in which single micelles cannot be distinguished and isolated for a reliable 
measurement of their length. Images taken at higher magnification of this network frozen from 
concentrations 0.3 and 0.5wt% (Figure 3-34 c and d, respectively) show an average diameter of 59.5nm 
for the elongated micelles. Furthermore, Y-shaped branching points are visible on most images above a 
concentration of 0.1wt% (see Figure 3-34c as an example) and the core-shell structure is visualized for 
the wormlike micelles in higher magnification.  
 
  
  
Figure 3-34: Cryo-TEM images of sample PMF106 in THF; a) concentration 0.1wt%; b) and d) concentration 
0.5wt%; c) concentration 0.3wt%, a) and b) overview images; c) and d) high-magnification images. 
 
In an additional test, the 1wt% solution was dried on a TEM grid and investigated regarding the 
structure of the dried phase-separated polymer. TEM imaging of the dried grid showed that the 
micelles are stable even in dry state and the same network visible in cryo-TEM is formed on the surface 
c) 
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(for an exemplary image see Figure 6-8 – page DD in the supplementary information and [P3]). This can 
be explained by the interaction between the fluorinated groups of the polymer, which is usually 
stronger than the interaction with non-fluorinated organic molecules [323, P3]. 
The sample PMF103 has a small ratio of fluorinated to non-fluorinated polymer, yet the overall 
molecular mass is considerably higher than the previous samples. As it can be observed in Figure 3-35a, 
the micelles formed from this copolymer are spherical, without any elongated structures. The size of 
the spheres is averagely 34.5nm, with deviation of 3nm, except for some smaller micelles with a 
diameter below 25nm. Furthermore, the micelles usually occur in agglomerates of five to ten micelles 
surrounded by a darker area, presumed to consist of the outer, larger PMMA block. The observations 
are confirmed by DLS measurements conducted on this sample (see Figure 3-35b). While a lower 
concentration of 0.1wt% leads to two peaks, one at 33nm for the single micelles, one around 100nm, 
representing the conglomerates, a concentration of 1wt% leads to the disappearance of the peak at 
33nm, indicating the complete agglomeration of the micelles. Measurements at lower concentrations 
did not lead to the disappearance of the peak around 100nm. As in cryo-TEM, no indication of 
elongated micelles is present in the DLS measurements, meaning this block appears to solely form 
spherical micelles, despite its small FMA/MMA ratio. A possible explanation is the high molar mass of 
the block, leading to a higher interaction of the long MMA blocks in the conglomerates hindering the 
formation of other micellar structures. However, to prove any assumptions on the behavior of this 
block, tests with copolymers of a comparable molar mass would have to be tested. Until the end of the 
analyses presented here, these polymers could not be synthesized at the IPF Dresden. 
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Figure 3-35: a) Cryo-TEM image of sample PMF103, 1wt% in THF b) DLS-measurements of PMF103 in THF at 
0.1wt% and 1wt%. 
 
As the specimen PMF53 lies outside a composition that allows phase separation theoretically, its 
behavior regarding micelle formation was unclear. DLS analyses did not lead to evaluable results and 
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cryo-TEM investigations showed no sign of micelle formation. Instead, the polymer phase appeared to 
separate completely from the solvent and form irregular droplet-shaped structures attached to the 
supporting carbon film of the TEM grid (see Figure 3-36). This was interpreted as a lack of 
intramolecular phase separation and the specimen was not investigated further regarding the 
formation of micelles. 
Comparing the findings on micelle geometry, particularly the row of PMF102, 105 and 106, to 
exemplary previous investigations on aqueous solutions of poly(ethylene oxide)-b-polybutadiene (PEO-
PB) blocks by Jain et al. [308, 309] and other previous works [292, and references therein], the 
behavior of the semifluorinated system appears to be very close to other systems in aqueous solution: 
With decreasing length of the hydrophobic block, the tendency to form wormlike micelles increases 
while Y-junctions and spherical caps were reported for molar masses above 13000g/mol [309]. 
However in these publications, polymers with large molecular masses above MN=50000g/mol were not 
investigated, thus the behavior of the specimen PMF 103 cannot be compared to similar investigations 
in aqueous medium. 
 
 
Figure 3-36: Overview cryo-TEM image of sample PMF53, 1wt% in THF. 
 
In conclusion, it has been shown that solutions of semifluorinated block-copolymers in THF possess 
properties easily comparable to aqueous solutions of copolymers consisting of hydrophobic and 
hydrophilic blocks. Cryo-TEM investigations were successful in the visualization of different micelle 
geometries caused by variation of the block length ratio and thus represent the first detailed analysis 
of the micellisation behavior of semifluorinated block-copolymers in THF. Furthermore, it was shown 
that the micelles can be stabilized in dry state due to the strong intramolecular attraction of the 
fluorinated block. The method shown here can simplify the research on a variety of structures already 
found in aqueous systems and their combination with the unique properties of semifluorinated 
copolymers. 
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4 Synthesis and Characterization of Polymer Brush Systems 
 
As already mentioned in chapter 2.1, polymer brushes are macromolecules attached to a surface on 
one chain end with the other end moving freely in the solvent. The investigation of these systems is 
mainly conducted on brushes attached to flat surfaces, as many analysis methods suitable for polymer 
brushes are designed to work on these surfaces. Most commonly, pieces of silicon wafers with a flat 
surface of SiO2 are used as substrates. In contrast to these methods, transmission electron microscopy 
(TEM) opens up the possibility to investigate a polymer brush system perpendicular to the stretching 
direction of the chains. This strongly reduces the importance of the nature of the substrate. Also, as 
shown in chapter 3, the incompatibility of TEM with liquids can be overcome by the cryo-TEM method, 
which leaves the specimen geometry as a limiting factor for the investigation of polymer brushes. This 
chapter investigates the formation of a polymer brush system on spherical substrates for cryo-TEM 
analysis and compares the results of different synthesis methods. The conformation formed by brush 
systems of poly(N-isopropylacrylamide) (PNiPAM) during the transition around the LCST (compare 
chapter 2.1.3) is investigated. Furthermore, a way of analyzing the mobility of the polymer brush using 
nuclear magnetic resonance spectroscopy is proposed as an additional use of the polymer-coated 
particle system. 
As an example for other uses of the analyzed system, PNiPAM brushes are attached on gold spheres 
and quantum dots (QDs) are immobilized on the brushes to form a system in which plasmon resonance 
between the gold and the QDs is possible. 
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4.1 Experimental Part 
4.1.1 General Aspects 
4.1.1.1 List of Used Chemicals  
Name Purity Supplier 
(3-Cyanopropyl)trichlorosilane 97% ABCR 
11-Mercapto-1-undecanol 99% Sigma-Aldrich 
3-Aminopropyltriethoxysilane 98% ABCR 
Acetic acid ≥99.7% VWR 
Acetone ≥99.9% Sigma-Aldrich 
Ammonium chloride ≥99.5% Sigma 
Ammonium hydroxide 25% VWR 
Bis[2-(2-bromoisobutyryloxy)undecyl] disulfide 97% Aldrich 
Bromine solution (1.0 M in trimethyl phosphate) - Sigma-Aldrich 
Copper(II) bromide 99.999% Sigma-Aldrich 
Deuterium oxide 99.994 atom% Sigma-Aldrich 
Dichloromethane ≥99.8% Sigma-Aldrich 
Diethyl ether 99,80% VWR 
Ethyl α-bromoisobutyrate 98% Sigma-Aldrich 
Hexane 98% VWR 
L-Ascorbic acid ≥99.0% Sigma 
Lithium aluminum hydride 95% Sigma-Aldrich 
Methanol 99,80% Fischer 
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide ≥97.0% Aldrich 
N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine 99% Sigma-Aldrich 
N,N′-Dicyclohexylcarbodiimide ≥99.0% Fluka 
N,N-Dimethylformamide 99.8% Sigma-Aldrich 
N-Isopropylacrylamide 97% Sigma-Aldrich 
Sodium citrate dihydrate ≥99% Sigma-Aldrich 
Sodium hydrogencarbonate ≥95% Fischer 
Tetraethyl orthosilicate ≥99.0% Sigma-Aldrich 
Thiol terminated poly(N-isopropylacrylamide), 3500 g/mol; Mw/Mn=1.24 Polymer Source 
Tin(II) 2-ethylhexanoate 92.5-100.0% Aldrich 
Triethylamine ≥99.0% Sigma-Aldrich 
Tris(2-dimethylaminoethyl)amine ≥99.0% Afla Aesar 
α-Bromoisobutyryl bromide 98% Sigma-Aldrich 
Table 4-1: List of used chemicals 
 
All chemicals were used as received, except N-isopropylacrylamide, which was purified by 
recrystallization in hexane. 
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4.1.1.2 Other Investigation Methods 
Zeta Potential and Dynamic Light Scattering 
Electrokinetic measurements and DLS investigations were carried out using a Zetasizer nano ZS by 
Malvern Instruments Inc. (UK). The device was equipped with a 4mW He-Ne laser operating at a 
wavelength of 633 nm and the measurement angle was fixed at 173°. DLS measurements were 
conducted in PS cuvettes with 10mm path length using the Peltier cooling element of the device for 
temperature control. pH-dependent zeta-potential measurements were conducted on particle 
suspensions in 10-3M KCl electrolyte solution at 21°C in disposable zeta-cuvettes with gold-electrodes 
(Malvern). The Cuvettes were reused multiple times and rinsed with Millipore water between the 
measurements. The pH value was computer-controlled and set by an autotitrator equipped with 0.1M 
HCl and KOH solutions as titrants and measured continuously using a glass electrode by Sensortechnik 
Meinsberg GmbH (Germany). The measurements were conducted either by L. Schellkopf or Anja 
Caspari, using measurement procedures based on the work of A. Synytska et al. [93, 325, 326] and 
modified by L. Schellkopf. For DLS, a cumulant-type analysis was used to calculate the hydrodynamic 
diameters. 
 
UV/Vis 
UV/Vis measurements of the gold particles and QDs were carried out either by Aswin Arakkal or L. 
Schellkopf on a Specord M40 device (Analytik Jena, Germany), equipped with a transmission unit and 
reflectance unit with variable angle, under supervision of Dr. Mikhail Malanin. The measurements were 
conducted in the wavelength region between 350 and 850nm with a resolution of 0.5nm and an 
integration time of 0.5 s. 
 
Fluorescence Measurements 
The fluorescence of the quantum dot systems was measured by Dr. Ulrich Oertel and his coworkers of 
the group Bioactive and responsive Polymers at the IPF Dresden. The measurements were conducted 
on a Fluorolog 3 device (Horiba Jobin Yvon, USA), using an excitation wavelength of 477 nm, a spectral 
band width of 5nm, integration time of 0.2s and right angle detection. 
 
GPC and TGA 
Gel-permeation chromatography (also called size-exclusion chromatography – SEC) was carried out by 
Mrs. Petra Treppe or Mrs. Christina Harnisch, who were employed at the analytics department of the 
IPF Dresden at the time of the work. The Device used was a LC HP 1100 GPC-System with binary pump, 
Autosampler, RI- and DA-Detectors by Agilent Technologies Inc. (USA) equipped with Zorbax PSM 
Trimodal-S colums (Agilent, 5μm, 250mm x 6,2mm). The eluent for the measurements was 
Dimethylacetamide (DMAc) with a flow rate of 0.5ml/min and poly(methyl methacrylate) standards 
were used for calibration. 
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Thermogravimetric analysis was conducted by Liane Häußler and Kerstin Arnhold in the analytics 
department of the IPF Dresden. The measurements were done using a TGA Q5000 device by TA-
Instruments (USA), programmed to keep the temperature at 21°C for 5min, then heat by 10K/min 
under air stream to a temperature of 800°C. The weight loss can be attributed to the decomposition 
mechanism and thus reveal information about the specimen (for TGA on polymers see for example 
[327, 328]). 
Calculations of the grafting density of polymer brushes on silica particles are used to estimate the 
structure of the brush. For the systems investigated here, the number of chains can be calculated by 
the mass of the polymer, taken from TGA and the number-average molar mass, measured in GPC. The 
mathematical definition ( 2.1 ) for the grafting density used for the calculation is shown in chapter 
2.1.1. The number of polymer molecules in a specimen is defined in analogy to equation ( 2.2 ): 
( 4.1 ) 𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝  ∙ 𝑁𝐴𝑀𝑛  
The results obtained by thermogravimetry are fractions of weight loss x(Polymer), given in % 
( 4.2 ) 𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑚𝑤𝑝𝑎𝑔ℎ𝑡𝑝𝑡 𝑠𝑎𝑝𝑝𝑝𝑝  ∙  𝑥(𝑃𝑃𝑃𝑃𝑚𝑖𝑎)  ∙ 𝑁𝐴𝑀𝑛   
The particles used are assumed spherical with a diameter d to calculate their surface: 
( 4.3 ) 𝐴 = 𝑛𝑝𝑎𝑝𝑡𝑎𝑖𝑝𝑝𝑠  ∙  𝜋 ∙ 𝑑² 
The number of particles is the mass of the residue from TGA divided by the mass of one particle. 
( 4.4 ) 𝑛𝑝𝑎𝑝𝑡𝑎𝑖𝑝𝑝𝑠 = 𝑚𝑤𝑝𝑎𝑔ℎ𝑡𝑝𝑡 𝑠𝑎𝑝𝑝𝑝𝑝  ∙ x(SiO2)𝑚𝑝𝑛𝑝 𝑝𝑎𝑝𝑡𝑎𝑖𝑝𝑝  
To calculate the mass of one particle, a density of amorphous silica of 𝜌𝑆𝑎𝑆2 = 2.55 𝑔𝑐𝑚3 was used. 
( 4.5 ) 𝑚𝑝𝑛𝑝 𝑝𝑎𝑝𝑡𝑎𝑖𝑝𝑝 = 16𝜋𝑑³ ∙  𝜌𝑆𝑎𝑆2 
Combining the formulae ( 4.2 ),( 4.4 ) and ( 4.5 ) gives the equation to calculate the grafting density: 
( 4.6 ) σ = 𝑥(𝑃𝑃𝑃𝑃𝑚𝑖𝑎) ∙N ∙  𝜌𝑆𝑎𝑆2  ∙ 𝑑6 ∙Mn  ∙ x(SiO2)  
 
 
4.1.2 Immobilization of a Connecting Layer for Polymers 
Synthesis of Silica Particles 
The synthesis of silica particles using the Stöber method, based on the work of G. Kolbe [329] and 
refined by W. Stöber et al. [330] has been investigated and modified many times [331-335] to yield 
reproducible results under most conditions for particle sizes in the range of 10nm to 1µm.  
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To form particles in the size range of 100nm, 12ml of a 28% NH4OH-Solution were added to 200ml of 
pure ethanol in a plastic vessel and stirred vigorously. 2ml of tetraethyl orthosilicate (TEOS) were 
added and the mixture was stirred at room temperature for 45min. Then, another 2ml of TEOS were 
added, followed by stirring for 5h. The resulting silica particles were separated by centrifugation 
(11.000rpm, 10min) and cleaned by repeated suspension in Millipore water and centrifugation. The 
resulting particles showed a diameter of 110±20 nm, as determined by DLS and TEM (Figure 4-2). 
 
    
Figure 4-2: a) DLS size distribution of pure silica particles b) exemplary TEM image of the same particles. 
 
Modification of Silica Particles with (3-Cyanopropyl)trichlorosilane 
About 200mg of purified silica particles were suspended in 20ml of water-free toluene by 
ultrasonication for 2 hours. The suspension was degassed using argon before (3-
cyanopropyl)trichlorosilane (CPS) was added. The reaction was carried out at room temperature for 
the given time, using either sonication or stirring to prevent the particles from aggregating. Then, the 
particles were separated by centrifugation (11.000rpm, 10min) and purified by redispersion in water-
free toluene and subsequent centrifugation for at least three times. The conditions for al specimens 
are shown in Table 4-2. 
After the first tests, the mass of particles in one batch m(SiO2) was increased to check possible 
modifications on a larger scale. 1 gram and 1.5 grams of particles were suspended in 30ml of toluene, 
respectively. The reaction was carried out as described above. The exact conditions are shown in the 
second part of Table 4-2. 
 
a) b) 
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Name m(SiO2) [mg] 
v(toluene) 
[ml] 
m(CPS) 
[µl] 
n(CPS) 
[mmol] 
t 
[h] Mixing by 
SiO2-CPS-1 202 20 100 0.64 48 Stirring 
SiO2-CPS-2 200 20 200 1.28 24 Stirring 
SiO2-CPS-3 209 20 300 1.93 24 Stirring 
SiO2-CPS-4 199 20 100 0.64 8 Sonication 
SiO2-CPS-5 198 20 100 0.64 5 Sonication 
SiO2-CPS-6 211 20 100 0.64 2 Sonication 
SiO2-CPS-7 201 20 75 0.48 2 Sonication 
SiO2-CPS-8 200 20 50 0.32 2 Sonication 
 
SiO2-CPS-1.1 1027 30 500 3.21 2 Sonication 
SiO2-CPS-1.2 1501 30 900 5.78 2 Sonication 
Table 4-2: Amounts and reaction times used for the modification of silica particles with CPS. 
 
Reduction of the Nitrile Group of CPS 
The reduction with lithium aluminium hydride (LAH), was carried out following a standard procedure 
[159], slightly modified to adjust it to the reaction in a particle suspension. 
The particles were suspended in the given amount of diethyl ether by sonication for 1h and vigorous 
stirring for another 16 hours (overnight). Lithium aluminium hydride was carefully suspended in ether 
in an open flask, waiting for the formation of hydrogen to cease. The mixture of LAH in ether was then 
added drop by drop to the particle suspension, waiting for the elusion of hydrogen after each drop. 
After stirring for 4 h, the mixture was filled into a beaker, cooled down to 0°C in an ice bath and small 
amounts of ice made from Millipore water were added. After complete reaction of remaining LAH with 
H2O, both phases of the mixture were centrifuged (11.000rpm, 15min) and the gray solid precipitate 
was collected. The solid was suspended in 10% hydrochloric acid and centrifuged for three times. Then, 
the particles were purified with Millipore water until a pH-value of 6. The amounts of solvent and LAH 
for each specimen is noted in Table 4-3. 
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Name m(SiO2) [mg] 
v(EtO2) 
[ml] 
t(stirring) 
[h] 
m(LAH) 
[mg] 
n(LAH) 
[mmol] 
v(EtO2)f. LAH 
[ml] 
SiO2-CPS-1R 155 15 2 25 0.66 15 
SiO2-CPS-2R 150 15 2 50 1.32 15 
SiO2-CPS-3R 163 15 2 75 1.98 15 
SiO2-CPS-4R 202 15 2 25 0.66 15 
SiO2-CPS-5R 196 15 2 25 0.66 15 
SiO2-CPS-6R 212 15 2 25 0.66 15 
SiO2-CPS-7R 183 15 2 20 0.53 15 
SiO2-CPS-8R 211 15 2 15 0.40 15 
 
SiO2-CPS-1.1R 1057 70 16 100 2.64 25 
SiO2-CPS-1.2R 1612 70 16 220 5.80 25 
Table 4-3: Amounts and times used for the LAH reduction of the CPS modified particles. 
 
4.1.3 Attachment of PNiPAM via ‘Grafting to’ Method 
For the reactions with DCC and EDC as activators for the carboxylic groups, 100mg of CPS-modified 
silica particles were suspended in the solvent in a round bottom flask by sonication for one hour. The 
volume of solvent for the reaction was chosen to form a strongly diluted suspension to ensure 
complete separation of the particles during reaction. Then, a given mass m(Poly.) of carboxy-
terminated PNiPAM with a number-weighted molecular mass of 𝑀𝑁 = 44500 𝑔𝑚𝑚𝑚 was added and the 
mixture was brought to the reaction temperature. To initiate the reaction, the activator was added, the 
flask was sealed and the solution was stirred for the given time. The particles were separated from the 
reaction mixture by centrifugation (10000rpm, 10min) and cleaned by subsequent redispersion in 
ethanol and centrifugation. All reaction condition can be found in the following Table 4-4: 
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Name m(SiO2) [mg] 
m(Poly.) 
[mg] 
n(Poly.) 
[µmol] Activator 
m(Acti) 
[mg] 
n(Acti) 
[µmol] Solv. 
v(Solv.) 
[ml] 
Temp. 
[°C] 
Time 
[h] 
SiO2-GT1 108 200 4.5 DCC 2.0 9.7 THF 40 60 6 
SiO2-GT2 120 104 2.3 DCC 1.1 5.3 THF 50 60 6 
SiO2-GT3 102 60 1.3 DCC 0.6 2.9 THF 40 60 7 
SiO2-GT4 101 57 1.3 DCC 0.7 3.4 CHCl3 40 RT 6 
SiO2-GT5 105 54 1.2 DCC 0.8 3.9 THF 40 60 2 
 
SiO2-GT6 115 61 1.4 EDC 0.9 4.7 H2O 50 4 16 
SiO2-GT7 106 55 1.2 EDC 0.5 2.4 H2O 50 RT 16 
SiO2-GT8 108 58 1.3 EDC 0.6 2.9 H2O 50 4 8 
SiO2-GT9 114 58 1.3 EDC 0.8 3.9 THF 40 4 16 
Table 4-4: Reaction conditions for 'grafting to' modification of silica particles. 
 
4.1.4 Attachment of PNiPAM Using the ‘Grafting from’-Approach 
Immobilization of the Initiator for ATRP 
200mg of particles were dispersed in 8ml of water-free dichloromethane by sonication. Then, 1ml of 
triethylamine and 500µl (1.2mmol) of the initiator α-bromoisobutyryl bromide were added to the 
suspension. The mixture was stirred for two hours at room temperature under exclusion of air, until 
the solution took a brownish color. The particles were separated by centrifugation (11000rpm, 10min) 
and purified twice with chloroform and three times with ethanol by subsequent redispersion and 
centrifugation. 
 
AGET-ATRP on modified particles 
For the first polymerization series, 100mg of particles (exact amount shown in Table 4-5) were 
dispersed in 5ml of Methanol in a test tube. 2g of NiPAM were added to the tube and dissolved by 
sonication. To form free polymer, the given amount ethyl α-bromoisobutyrate (EBiB) was added to the 
solution. To control the polymer thickness, the amount of EBiB used in each polymerization was 
changed. Then, both given volumes of a 0.1M solution of CuBr2 in DMF and a 0.3M solution of the 
complexing agent in DMF were added and the test tube was sealed with a rubber septum and heated 
to the given temperature while stirring. To start the reaction, a 1M solution of ascorbic acid in DMF 
was added with a syringe, leading the blue color of the reaction mixture to disappear immediately. If 
the color of the mixture regained its initial color due to a large amount of oxygen in the test tube, 
another 0.1ml of the ascorbic acid solution was added after 30min. After the given time, the test tube 
was opened and cooled down to room temperature and the particles were separated by centrifugation 
(11000rpm, 20min). The particles were cleaned by subsequent redispersion in ethanol and 
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centrifugation for at least four times, while the polymer was precipitated by adding the supernatant 
drop wise to 200ml of diethyl ether at 0°C and cleaned by solution and precipitation in water below 
and above the LCST. All reaction parameters for the polymerization in Methanol are shown in the table 
below: 
 
Sample 
name 
m(SiO2) 
[mg] 
m(NiPAM) 
[mg] 
v(EBiB) 
[µl] 
v(CuBr2) 
[µl] 
Compl. 
agent 
v(Comp.) 
[µl] 
v(Asc. Ac) 
[µl] 
Temp. 
[°C] 
Time 
[min] 
SiO2-GF1 118 2098 0.1 100 PMDTA 100 100 60 120 
SiO2-GF2 105 2009 0.5 100 PMDTA 100 100 60 120 
SiO2-GF3 111 2100 1.0 100 PMDTA 100 100 60 120 
SiO2-GF4 104 2106 1.5 100 PMDTA 100 100 60 120 
SiO2-GF5 114 2052 2.0 100 PMDTA 100 100 60 120 
SiO2-GF6 103 2038 2.5 100 PMDTA 100 100 60 120 
SiO2-GF7 105 2020 3.0 100 PMDTA 100 100 60 120 
SiO2-GF8 116 2122 4.0 100 PMDTA 100 100 60 120 
SiO2-GF9 110 2052 10.0 100 PMDTA 100 100 60 120 
 
SiO2-GF10 111 2071 1.5 20 PMDTA 20 20 60 120 
SiO2-GF11 110 2069 1.5 400 PMDTA 400 400 60 120 
 
SiO2-GF12 109 2067 1.5 100 TREN 100 100 60 120 
SiO2-GF13 129 2106 1.5 100 TREN 100 100 60 60 
Table 4-5: reaction parameters for the ATRP on silica particles in Methanol. 
 
4.1.5 Analysis of Poly(N-Isopropylacrylamide) Around the LCST 
4.1.5.1 Polymer Brush Structure 
The specimen preparation for cryo-TEM investigations of temperature-sensitive polymers was 
described in chapter 3.1.4, the general preparation procedure in chapter 3.1.1.3. The preparation for 
polymer-covered particles was conducted the same way. The suspensions were kept in a temperature-
controlled ultrasonic bath and sonicated before use. For preparation, 0.3µl of a particle suspension 
with a concentration of 0.2g/l were applied to the plasma-cleaned grid placed in the environmental 
chamber at 100% air humidity and the given temperature. Then, the droplet was allowed to equilibrate 
before blotting and immediate plunging into liquid ethane. The specimens prepared for the 
investigations described in this thesis and the varying preparation parameters are combined in the 
following Table 4-6: 
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Name Grid Temperature [°C] 
Equilibration time 
(before blotting) [s] 
Blotting time 
[s] 
SiO2-GT1-20 QF R1.2/1.3 21 10 1.60 
SiO2-GT1-50 QF R1.2/1.3 50 60 1.30 
SiO2-GT3-20 QF R1.2/1.3 21 10 1.60 
SiO2-GT3-50 QF R1.2/1.3 50 60 1.20 
SiO2-GT6-20 QF R1.2/1.3 21 10 1.55 
SiO2-GT6-50 QF R1.2/1.3 50 60 1.30 
SiO2-GF1 Lacey 21 10 1.00 
SiO2-GF3-1 QF R2/2 22 60 1.60 
SiO2-GF3-2 QF R2/2 24 60 1.60 
SiO2-GF3-3 QF R2/2 26 60 1.65 
SiO2-GF3-4 QF R2/2 28 60 1.50 
SiO2-GF3-5 QF R2/2 30 60 1.50 
SiO2-GF3-6 QF R2/2 32 60 1.50 
SiO2-GF3-7 QF R2/2 34 60 1.30 
SiO2-GF3-8 QF R2/2 36 60 1.30 
SiO2-GF3-9 QF R2/2 38 60 1.35 
SiO2-GF3-10 QF R2/2 40 60 1.30 
SiO2-GF3-11 QF R2/2 50 60 1.35 
Table 4-6: Polymer-covered silica particle suspensions analyzed in cryo-TEM; QF stands for Quantifoil grid. 
 
SCF-Calculations 
Calculations of the polymer brush density profile using the SCF-theory were conducted by Dr. Dirk 
Romeis, who was employed in the Institute for Theory of Polymers at the IPF Dresden at the time of 
this work. All calculations were made under the assumption that the chains obey Gaussian statistics 
and that the mean-field interaction can be approximately described with an excluded volume term 
(see literature in chapter 2.1.1): 
( 4.7 ) ν ∙ ρ = 𝜇[𝜌]
𝑘𝐵 ∙ 𝑇
 
with ρ being the local monomer density and ν as the excluded volume parameter (unit nm³). 
For polydisperse polymer brushes, the profile was calculated numerically, as described in [148], 
assuming a Schultz distribution with varying PDI values. The following Taylor expansion of third order is 
used to approximate the numerical result: 
( 4.8 ) ϕ(z) = 𝜙0 �1 − 1.517 �𝑧𝐻� + 0.0475 �𝑧𝐻�2 + 0.474 �𝑧𝐻�3� 
with 
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( 4.9 ) 𝜙0 = 32�𝜋2𝑏34𝜈 �13 ∙ 𝛾23 and 𝐻 = 1.875 � 𝜈3𝑏3�13 ∙ 𝑁𝑎𝑎 ∙ 𝑏 ∙ 𝛾13 
 
Here, b is the length of one monomer, Nav is the average number of monomers (thus, Nav∙b is the 
average chain length) and γ is the dimensionless reduced grafting density. 
To adapt the profile to the spherical geometry of the analyzed system, the resulting curves were 
numerically modified using an integral that is based on the thickness of the polymer shell at any 
position r in the direction of the measured profile. The formula accounting for the way the electron 
beam travels through the polymeric part of the sphere ΡS (given in y-direction of the Cartesian 
coordinates with the center of the sphere as 0) is as follows: 
( 4.10 ) Ρ𝑆 = � Ρ(r)𝑑𝑃𝐵𝑝𝑔𝑎𝑛𝑛𝑎𝑛𝑔 𝑝𝑜 𝑆𝑝ℎ𝑝𝑝𝑝
𝐸𝑛𝑡 𝑝𝑜 𝑆𝑝ℎ𝑝𝑝𝑝 =  � Ρ��𝑃2 + (𝑅 + 𝑎)2�𝑑𝑃
�(𝑅+𝑁∙𝑏)2−(𝑅+𝑝)2
−�(𝑅+𝑁∙𝑏)2−(𝑅+𝑝)2  
with R: radius of inner sphere, N∙b: chain length of the system (and thus (R + N∙b): Radius of the overall 
sphere) and r describing the position inside the sphere in x- and z-directions 𝑎2 = 𝑥2 + 𝑧2. 
 
4.1.5.2 Free Polymer Chain Mobility 
NMR analyses of free PNiPAM in D2O were conducted by Mrs. Ute Böhme, who was working in the 
Polyelectrolytes and Dispersions group at the IPF under the supervision of Dr. Ulrich Scheler at the time 
of this work. The full analysis procedure will be published together with the results by this group and 
thus is not described in detail here. Briefly, 10mg of the polymer were dispersed in 12ml of D2O in the 
MNR vessel, leading to a mixture with 46wt% polymer. T1ρ-filtered spectra [106] were recorded using 
a Bruker DSX-300 solid state NMR spectrometer operating at 7.05T using a combined rotation and 
multiple-pulse sequence (CRAMPS) to reduce line width. Furthermore, the obtained signals were 
decoupled using a numerically optimized sequence called DUMBO to further increase the resolution of 
the spectrum. 
 
4.1.6 Polymer-Coating of Gold Nanoparticles for Photonic Experiments 
Synthesis of Gold Particles 
The synthesis of gold particles in the size range between 50nm and 60nm and the synthesis of 
quantum dots was carried out in cooperation with the group of Prof. Eychmüller at the TU Dresden. 
The Synthesis of gold particles followed a method developed by Ziegler et al. [336] and was carried out 
with the help of Christoph Ziegler, Stefan Klosz and Matthias Werheid in the labs of the Eychmüller 
group. Mr. Ziegler, Mr. Klosz and Mr. Werheid were working on their PhD graduation at the time of 
cooperation. 
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The gold nanoparticles were synthesized in a multi-step synthesis from gold seeds, formed according 
to a procedure by G. Frens et al. [337]. 2.5ml of a 0.2 wt% aqueous solution of gold chloric acid 
(HAuCl4) was dissolved in another 50ml of water in a round bottom flask and heated to boiling. 2ml of a 
2 wt% solution of sodium citrate was added under vigorous stirring and the solution was boiled for 
another 5min. After cooling down, the solution had a bright red color, indicating the presence of gold 
seeds, sized 15nm in average. For the growth process, two solutions were used: Solution A was 
produced by diluting 2ml of a 0.2 wt% aqueous HAuCl4-solution to 10ml. Solution B consisted of 0,5ml 
of a 1 wt% solution of sodium citrate and 0.25ml of a 1 wt% solution of ascorbic acid, both combined 
and diluted to a total volume of 10ml. Solutions A and B were slowly added to 20ml of the gold seed 
solution through Teflon tubes, using peristaltic pumps under vigorous stirring. Then, the mixture was 
refluxed for one hour. After cooling, the gold nanoparticles were analyzed by UV/Vis spectroscopy and 
TEM. The stable suspension was directly used for the next modification step. 
 
Synthesis of Quantum Dots 
The Quantum dots were synthesized by André Wolf under supervision of Professor Andreas Eychmüller 
at the TU Dresden. Mr. André Wolf was working on his PhD thesis during the time of the cooperation. 
The synthesis procedure is based on the general descriptions by A. Eychmüller et al. [338] and all 
details on the synthesis are to be described in future publications by this group. For this work, thiol-
stabilized cadmium telluride (CdTe) nanoparticles, tailored to the adsorption spectrum of the gold 
particles, were used for all tests. 
 
Synthesis of a Dithiol-ATRP initiator 
The synthesis of a molecule that acts as stabilizer and initiator for the ATRP was carried out following a 
procedure by Shah et al. [193]: 2.02g (9.9mmol) of 11-mercapto-1-undecanol were dissolved in 70ml of 
dichloromethane (DCM) in a round-bottom flask and 20ml of a 10 wt% solution of sodium hydrogen 
carbonate was added. 5ml of a 1M solution of bromine in acetic acid were added drop wise while 
stirring. The resulting to-phase mixture was stirred 90min until it became colorless. The liquid phase 
was extracted twice with 20ml of DCM and the organic phases were combined. The solvent was 
evaporated and the yellowish liquid residue (1.33g 66%) was used for the next step of synthesis. 
To add the bromo-group for the ATRP, 1.33g of disulfide were dissolved in 60ml of DCM in a round 
bottom flask closed with a rubber septum and cooled down to 0°C. 2ml of triethylamine and 1ml 
(2.3mmol) of α-bromoisobutyryl bromide were slowly added to the solution with syringes. The cooling 
was removed and the solution was stirred for 3h. Solid HBr-NEt3 was removed by centrifugation 
(12000rpm, 15min) and the organic solution was extracted with an aqueous 1M sodium carbonate 
solution saturated with ammonium chloride. The organic phase was evaporated and the yellow crude 
product was purified by column chromatography (SiO2), leading to a slightly yellowish viscous liquid. 
1H NMR (500 MHz, CHLOROFORM-d): 1.24 - 1.44 (bm, 30 H, CH2) 1.63 - 1.74 (m, 8 H, CH2) 1.94 (s, 12 H, 
CH3) 2.69 (t, J=7.25 Hz, 4 H, SCH2) 4.18 (t, J=6.94 Hz, 4 H, OCH2). For full spectrum see Figure 6-1 
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(supplementary information). The NMR spectrum is in good accordance with the values presented in 
[193]. During the work, the molecule became available from Sigma-Aldrich and thus was purchased for 
later modifications. 
 
‘Grafting to’ of thiol-terminated PNiPAM 
In analogy to silica particles (see chapter 4.1.3), the immobilization of a polymer on gold nanoparticles 
can be conducted by ‘grafting to’ and ‘grafting from’ approaches. 
For the first experiment, conducted by L. Schellkopf, a solution of 40mg of thiol-terminated PNiPAM 
with a number-averaged molar mass of MN = 3500 𝑔𝑚𝑚𝑚 and 10ml of Millipore water was formed by 
stirring at room temperature for two hours. Then, 10ml of a reaction solution of gold nanoparticles 
with a diameter of 60nm was added drop by drop. The mixture was stirred for 48h at room 
temperature before the gold nanoparticles were purified by dialysis in water. 
A second polymer was synthesized by Mr. Arakkal for his master thesis. The full process will be 
described there. Briefly, 6g of NiPAM were dissolved in 5ml of DMF by stirring in a test tube. 3µl of the 
aforementioned dithiol-initiator, 100µl on a 0.1M solution of CuBr2 in DMF and 100µl of a 0.5M 
solution of PMDTA in DMF were added and the tube was sealed with a rubber septum. To initiate the 
polymerization, 200µl of a 1M aqueous solution of ascorbic acid was added with a syringe and the 
polymerization was carried out at 70°C for two hours. The resulting polymer was precipitated in diethyl 
ether and cleaned by solution in ethanol and precipitation in ether for two more times, then analyzed 
by GPC, resulting in the following values: MN = 115000 𝑔𝑚𝑚𝑚; MW = 290000
𝑔
𝑚𝑚𝑚
; PDI = 2.52. 
A modification was carried out by dissolving 40mg of this polymer in of 10ml Millipore water and 
adding 10ml of the gold particle suspension, followed by 24h of stirring. Then, the water was removed 
from the dispersion using a rotating evaporator and the residue was heated to 130°C in a vacuum 
furnace. After 12h of heating above the glass transition temperature of PNiPAM, the particles were 
cleaned by dissolving in ethanol and centrifugation for 15min at 6000rpm for five times. 
 
Modification of Gold Nanoparticles with ATRP-Initiator 
The modification of gold particles with the dithiol and the following polymerizations were primarily 
conducted by Aswin Arakkal as part of the work on his Master thesis at the IPF Dresden, beginning 
from November 2013. The plan, amounts and reaction conditions for the experiments were elaborated 
by L. Schellkopf. The basic modification was described by Shi et al [339], experiments on the topic 
conducted by L. Schellkopf before the release of this article support the methods described there. 
To reach a complete coverage of the nanoparticles, the initiator was first dissolved in DMF by stirring in 
a test tube. Then, the suspension of gold particles was added. To test the optimum conditions for the 
reaction, the ration between DMF and gold suspension, the concentration of the initiator and the 
reaction time was changed in a measurement series. The stability was tested by centrifugation at 
5000RPM in a glass tube for 30min and subsequent redispersion, followed by UV/Vis measurements. In 
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the last series of attempts, a saturated solution of sodium citrate in DMF was used instead of pure 
DMF to further stabilize the particles. All reaction conditions are combined in the following Table 4-7. 
Additionally, two specimens prepared with the conditions of Au-ini-5.3 were cleaned, one by 
subsequent centrifugation (5000RPM, 30min) and redispersion in fresh DMF (Au-ini-5.3C) and one by 
dialysis in DMF for three days (Au-ini-5.3-D). Both samples were measured in UV/Vis as an example for 
the two most common cleaning methods for nanoparticles 
 
Sample name v(Gold Susp.) [ml] v(DMF) [ml] v(Stabilizer) [µl] Stirring time [h] 
Au-ini-1.1 2 2 0.25 24 
Au-ini-1.2 2 2 0.5 24 
Au-ini-1.3 2 2 1 24 
Au-ini-1.4 2 2 2 24 
Au-ini-1.5 2 2 5 24 
Au-ini-2.1 1 2 0.25 24 
Au-ini-2.2 1 2 0.5 24 
Au-ini-2.3 1 2 1 24 
Au-ini-3.1 1 2 1 48 
Au-ini-3.2 1 2 1 72 
Au-ini-4.1 1 3 1 24 
Au-ini-5.1 1 3+Citrate 0.25 24 
Au-ini-5.2 1 3+Citrate 0.5 24 
Au-ini-5.3 1 3+Citrate 1 24 
Au-ini-5.3-C 1 3+Citrate 1 24 
Au-ini-5.3-D 1 3+Citrate 1 24 
Table 4-7: Reaction conditions for the modification of gold nanoparticles with thiol initiator; +citrate stands for a 
saturated solution of sodium citrate in DMF. 
 
‘AGET-ATRP’ onto Initiator-Modified Gold Particles 
The polymerization for the ‘grafting from’ approach on gold nanoparticles was conducted as AGET 
ATRP, similar to the polymerization on silica particles, as described in chapters 0 and 4.2.3. All 
polymerizations were conducted by Aswin Arakkal or L. Schellkopf and are also described in the master 
thesis of Mr. Arakkal. 
Initially, the best conditions for the polymerization in Water and DMF were tested without any 
particles. Briefly, 6g of NiPAM were dissolved in 5ml of solvent. 3µl of EBiB, 100µl of a 0.1M solution of 
CuBr2 in DMF and 100µl of a 0.5M solution of the complexing agent in DMF were added to the 
solution. Then, the test tube was sealed and 200µl of a 1M solution of ascorbic acid in Millipore water 
was added with a syringe. The reaction was carried out at the given temperature under constant 
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stirring. The varying conditions for the polymerization series of polymerizations are listed in the 
following Table: 
 
Sample Name m(NiPAM) 
[mg] 
v(DMF) 
[ml] 
v(H2O) 
[ml] 
Complexing 
agent 
Temp. 
[°C] 
Time 
[min] 
PNI-DMF-1.1 6050 5 0 PMDTA 70 120 
PNI-DMF-1.2 6168 5 0 PMDTA 90 120 
PNI-DMF-1.3 5962 5 0 TREN 70 60 
PNI-DMF-1.4 6053 5 0 TREN 90 60 
PNI-DMF-2.1 6264 4.5 0.5 PMDTA 70 120 
PNI-DMF-2.2 5891 4.5 0.5 PMDTA 90 120 
PNI-DMF-2.3 6175 4.5 0.5 TREN 70 60 
PNI-DMF-2.4 6209 4.5 0.5 TREN 90 60 
PNI-DMF-3.1 6085 3 2 PMDTA 70 120 
PNI-DMF-3.2 5886 3 2 PMDTA 90 120 
PNI-DMF-3.3 5963 3 2 TREN 70 60 
PNI-DMF-3.4 6128 3 2 TREN 90 60 
Table 4-8: Reaction conditions for polymerizations in DMF without particles. 
 
Then, the best conditions from the first experiments were chosen according to their MW and 
polydispersity and used for a polymerization onto initiator-modified silica-particles, synthesized as 
described in chapters 4.1.2-4.1.4. Briefly, initiator-modified particles were suspended in the given 
amount of DMF, then 6g of monomer, 1.5µl of EBiB, 100µl of a 0.1M solution of CuBr2 in DMF and 
100µl of a 0.5M solution of the complexing agent in DMF were added to the solution, the test tube was 
sealed and immersed in a water bath and the polymerization was started by addition of 200µl of a 1M 
aqueous solution of ascorbic acid. 
 
Sample Name m(NiPAM) [mg] 
m(SiO2) 
[mg] 
v(DMF) 
[ml] 
v(H2O) 
[ml] 
Complexing 
agent 
v(EBiB) 
[µl] 
Temp. 
[°C] 
Time 
[min] 
SiO2-DMF-1 6080 102 5 0 PMDTA 1.5 70 120 
SiO2-DMF-2 6067 114 4.5 0.5 PMDTA 1.5 70 120 
SiO2-DMF-3 6074 94 4.5 0.5 TREN 1.5 70 60 
SiO2-DMF-4 6100 92 3 2 PMDTA 1.5 70 120 
Table 4-9: Reaction conditions for polymerizations on silica particles in DMF. 
 
Then, polymerizations on gold particles were tested with a solution of gold particles supplied by the 
Eychmüller group at the TU Dresden. First, the gold particles were modified by stirring for 24h in a 
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mixture of water and DMF saturated with sodium citrate (ratio 1:3) and a concentration of the 
stabilizer of 0.025vol%. After modification, the gold particles were cleaned by centrifugation 
(10000rpm, 7min) and subsequent redispersion in DMF for at least three times and then redispersed in 
DMF for the polymerization (thus, the final gold concentration of the reaction solutions is unknown). 
The conditions for the polymerizations varying from these described above are listed in Table 4-10. 
 
Sample Name m(NiPAM) [mg] 
v(Au) 
[ml] 
v(DMF) 
[ml] 
v(H2O) 
[ml] 
Complexing 
agent 
v(EBiB) 
[µl] 
Temp. 
[°C] 
Time 
[min] 
Au-DMF-1 6036 1 4 0 PMDTA 1.5 70 120 
Au-DMF-2 6071 1 4 0 PMDTA 0.5 70 240 
Au-DMF-3 6147 1 4 0 PMDTA 0 70 120 
Table 4-10: Reaction conditions for exemplary polymerizations on gold particles in DMF. 
 
After optimization experiments described in Mr. Arakkal’s master thesis, another sample of polymer-
covered gold particles was fabricated and compared with the previous specimens. For the final GF-
specimen, 6g of NiPAM were dissolved in 5ml of DMF and 150µl of Millipore water. Then 1ml of 
aqueous gold particle suspension, 50µl of a 0.1M CuBr2 solution and 50µl of a 0.5M PMDTA solution, 
both in DMF were added. The test tube was sealed and heated to 70°C before 25µl of a 1M solution of 
ascorbic acid in DMF were added. After 1h of polymerization, another 25µl of the AA-solution were 
added and the polymerization was kept for another hour before it was stopped by opening the test 
tube. The particles were separated by centrifugation (6000rpm, 15min) and cleaned by subsequent 
dispersion in ethanol and centrifugation. 
 
Connection of Quantum Dots with polymer-covered Gold Particles 
The experiments with gold-particles and quantum dots were conducted by Mr. Arakkal as the final 
work of his master thesis and will be described in detail there. In this thesis, one of the used methods 
will be described, as it was used to form the system investigated further. CdTe-QDs stabilized with 
thioglycolic acid in a highly concentrated aqueous suspension were stripped of the stabilizer by dialysis 
for 6h in Millipore water. Then, an aqueous suspension of polymer-covered gold particles 
(concentration unknown) was added and the mixture was stirred for 12h at room temperature. The 
gold particles were separated by centrifugation (5000rpm, 30min), leaving the non-attached QDs in 
suspension which was discarded. The gold particles were cleaned in Millipore water by sonication and 
subsequent centrifugation for one time and redispersed in water for further analysis. 
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4.2 Results & Discussion 
4.2.1 Immobilization of a Connecting Layer for Polymers 
For the modification of the silica particles with a connecting layer for the polymer, the method of 
modification with a trialkoxyaminosilane was initially used. This procedure is based on a procedure by 
I. Luzinov et al. [340] and has been mentioned in several publications for both the modification of 
particles and silicon wafers without closer investigation [287, 341], in recent works often using (3-
aminopropyl)triethoxysilane (APTS) as agent [93, 342, 343]. However, since the polymerization on the 
modified particles could not be carried out reproducibly, the method had to be questioned in terms of 
a reproducible chemical reaction. Furthermore, electrokinetic measurements show that the surface 
charge of particles formed using APTS does not agree with a complete coverage with amino groups.  
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Figure 4-3: a) Exemplary zeta potential curves for three APTS-modified silica particles ; b) Scheme for incomplete 
coupling of APTS molecules on a surface with -SiOH groups. 
 
According to extensive NMR analysis by G. E. Maciel et al. [344], it can be presumed that the commonly 
used method of immersion of the silica surface in a solution of APTS in ethanol at room temperature 
does not lead to a complete conversion of the silanol-groups, as indicated in Figure 4-3b. 
The incomplete conversion may not form a fully stable bond between the aminosilane and the surface 
and undergo subsequent hydrolysis during the following polymerization or purification steps. In the 
aforementioned article, the authors suggest a treatment of 150°C to ensure complete conversion, 
which is not practicable for particle modification due to the high tendency to sinter into larger 
aggregates (compare chapter 4.2.2). Thus, based on other investigations with other silanes [168, 345-
347], a more reliable synthesis procedure was developed and tested using electrokinetic 
measurements. This method is based on the higher reactivity of chlorosilanes in comparison to ethoxy-
silanes. The reactivity of different mono-, di- and trichlorosilanes has been well investigated, for 
example by A. Y. Fadeev and T. J. McCarthy [346, 347]. It was found that the silanes with two or three 
O
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chlorine atoms bound to them can not only react with the surface, but also with each other, forming 
horizontally or vertically linked networks on the substrate (see Figure 4-4). 
 
Figure 4-4: Possible products of the reaction of alkylchlorosilanes with silicon dioxide surfaces, as shown in [346]. 
 
This side-reaction inevitably leads to a very irregular covering of the substrate with the desired end 
groups, which makes most trichlorosilanes comparatively unfit agents for the modification of flat 
surfaces, like wafers. For these substrates, different anchoring layers can be used [163]. However, as 
silica particles formed via the Stöber method do not possess a flat surface due to their synthesis 
conditions, this way of modification did not lead to problems in the used systems. As chlorosilanes are 
reactive enough to directly connect to amino groups, these groups must be used in a protected form 
[348]. 
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Figure 4-5: (3-cyanopropyl)trichlorosilane 
 
Considering the necessary protection and an easy access to the chemicals, the commercially available 
(3-cyanopropyl)trichlorosilane (CPS) was found as a proper silanization agent. This molecule (shown in 
Figure 4-5) possesses a cyano- or nitrile group which can be reduced selectively to form an amide group, 
using reducing agents, such as lithium aluminum hydride (LAH) or diisobutylaluminum hydride [159]. 
The well-known [282] reactions taking place during the reduction of the nitrile group to an amino 
group using LAH are shown in the following Figure 4-6: 
 
 
Figure 4-6: Reaction of lithium aluminum hydride with a nitrile group. 
 
In this work, the reduction was carried out with LAH in diethyl ether, as described in chapter 4.1.2. and 
the modified particles were investigated in respect to their surface properties by electrokinetic 
measurements. With the measurement of the pH-dependent zeta potential, the acidity and thus the 
nature of the surface was estimated. 
To analyze the effectivity of the modification with CPS, the zeta-potential curves of the specimens 
SiO2-CPS-1, -2 and -3 with increasing concentration of CPS were recorded. The graphs can be 
compared in Figure 4-7a. The results of the electrokinetic measurements are not conclusive. There is 
no constant isoelectric point over the measurements and the zeta potential curves differ in the region 
between pH=3 and pH=5. Furthermore, the curves and the isoelectric point are close to the one of 
plain silica particles, shown as black squares in Figure 4-7a. This behavior can be explained by the 
hydrolysis of the nitrile group in acidic and basic conditions, respectively. The CN group can be 
hydrolyzed in presence of water, catalyzed by either OH- or H3O+. The resulting carboxylic acid has a 
high acidity and leads to the formation of the isoelectric point at low pH-values, in accordance with the 
pKa value of the carboxylic group [349]. As the electrokinetic measurement of the particles modified 
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with CPS did not lead to utilizable results, the second step of the modification (reduction to amino 
groups) was directly conducted after the first step for the other samples. 
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Figure 4-7: Zeta potential curves of a) plain and CPS modified particles; b) particles after reduction to surface-
amino groups. Reaction conditions for the samples shown in Table 4-2 and Table 4-3 (pp 70-71). 
 
After the reduction, the modified silica particles were fully analyzed using zeta potential measurement. 
Several exemplary pH dependent curves are shown in Figure 4-7b; all curves are shown in the 
supplementary information (Figure 6-2, Page Y). The exemplary curves point towards three 
assumptions, supported by the overview of the data from all specimens: 
Firstly, the reduction of the nitrile group to an amino group appears to be complete and reproducible 
for all specimens. Furthermore, the particles appear to be stable during purification in hydrochloric 
acid, without hydrolysis of Si-O-Si bonds or remaining nitrile groups. 
Secondly, the reaction time and condition (stirring or sonication) does not influence the coverage of 
the amino groups on the particles within the chosen time scale. As mentioned before, shortening the 
reaction time below 24h and 2h for stirring and sonication, respectively, leaves a visible amount of 
aggregated particles in the suspension. Accordingly, the limiting factor of the conversion does not 
appear to be the reaction of the CPS with the particle surface, but rather the complete suspension of 
particles in diethyl ether. A minimum reaction time of 2h complies with results found in literature[345]. 
And thirdly, the concentration of CPS in relation to the particles only influences the formation of a 
reproducible coverage below a certain level.  Figure 4-8a shows the pH value at the isoelectric point 
plotted versus the ratio of silane and substrate, 𝑏(𝐶𝑃𝑆) = 𝑁(𝐶𝑃𝑆)
𝑝(𝑝𝑎𝑝𝑡𝑎𝑖𝑝𝑝𝑠) .The isoelectric point is reached 
at a constant pH value of 10.1 above the CPS-ratio of 𝑏(𝐶𝑃𝑆) = 3.2 ∙ 10−3 𝑝𝑝𝑝
𝑔
, while at a ratio 
of 2.4 ∙ 10−3 𝑝𝑝𝑝
𝑔
, it changes strongly to a pH of 8.9. With this data, the amount of silane needed to 
cover the complete particle surface and thus the grafting density σ can be estimated, using a 
modification of the formulae from chapter 4.1.1.2, including bCPS: 
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( 4.11 ) σ = 𝑏(𝐶𝑃𝑆) ∙ 𝑁𝐴 ∙ 𝑑 ∙  ρ(SiO2)6  
 
For the calculation to estimate the grafting density, the following assumptions are made: 
− The yield of the reaction of CPS with the silica groups on the surface is 100% 
− There are no side reactions 
− The surface of the particles is evenly covered 
− The silane forms a monolayer on the surface 
 
Using these (inaccurate) assumptions, a grafting density of σ=80nm-1 can be calculated using the CPS-
ratio 𝑏(𝐶𝑃𝑆) = 3.2 ∙ 10−3 𝑝𝑝𝑝
𝑔
. This value would leave each molecule a space of 1.1 Å² on the surface, 
which is far below the molecule size of 32-38 Å², as reported in literature [346, 350]. Since this high 
difference is unlikely to result solely from the inaccurate assumptions for the calculation, it can be 
presumed that the modifications have led to the formation of multilayers on the particle surface. 
Another strong indication for this conclusion is the mass gain of several specimens, visible in the values 
of m(SiO2) in Table 4-2 and Table 4-3 (chapter 4.1). 
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Figure 4-8: a) Measured IEP versus concentration of CPS b) Exemplary thermogravimetric weight loss of 
unmodified silica (black) and CPS-modified (blue) specimens. 
 
To get details about the mass gain, the modified particles were investigated using thermogravimetric 
analysis. To compare the results of all specimens, the percentaged loss of the first peak and the 
remaining amount above 800°C were subtracted from 100%. As the first decomposition peak x(H2O) 
attributes to water in the sample and the remaining mass after heating to 800°C is assumed to be 
remaining silica x(SiO2), the remaining losses must be caused by organosilanes in the specimens. As the 
unmodified silica particles also undergo a weight loss, presumably caused by not fully reacted TEOS 
(compare Figure 4-8b), this weight loss x(TEOS) was subtracted from the weight loss of CPS. Thus, the 
formula for the calculation of the weight loss of each specimen reads: 
b) a) 
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( 4.12 ) 𝑥(𝐶𝑃𝑆) = 1 − [𝑥(𝐻2𝑆) + 𝑥(𝑆𝑎𝑆2) + 𝑥(𝑇𝑇𝑆𝑆)] 
 
The results for all measures specimens are shown in the following Table 4-11: 
 
Name x(H2O) [%] 
x(SiO2) 
[%] 
x(TEOS) 
[%] 
x(CPS) 
[%] 
SiO2-CPS-1R 3.2 81.1 5.7 10.0 
SiO2-CPS-2R 1.9 84.2 5.7 8.2 
SiO2-CPS-3R 1.9 89.7 5.7 2.7 
SiO2-CPS-7R 3.2 83.9 5.7 7.2 
 
SiO2-CPS-1.1R 1.7 86.5 4.3 7.5 
SiO2-CPS-1.2R 3.0 81.7 5.2 10.1 
Table 4-11: Weight losses of CPS modified particles in thermogravimetry. Reaction conditions for the samples 
shown in Table 4-2 and Table 4-3 (pp 70-71). 
 
As visible from the weight loss, there appears to be no connection between the parameters of the 
synthesis and the thermogravimetric results, which appear random. A possible explanation for this 
behavior is a not reproducible reaction of remaining silane groups of CPS to silicon dioxide or other 
solid silanes during the heating phase. Also, encapsulation of remaining organic matter inside a silica 
shell might be responsible for the high differences in the weight loss of the different specimens. While 
no definite conclusions can be drawn from thermogravimetry, it can still be presumed that the bad 
reproducibility of the measurements is caused by the formation of multilayers of silane on the surface 
of the particles. 
As the presumed formation of multilayers does not influence the reproducibility of the surface 
potential measurements, it can be presumed that the reaction of the silane molecules with the surface 
(and each other) reaches a plateau after a certain time. This plateau appears to be influenced by the 
concentration only below a certain ratio between silane and substrate. 
In conclusion, the modification of the utilized silica particles with commercially available (3-
cyanopropyl)trichlorosilane, followed by reduction with lithium aluminum hydride leads to a very good 
coverage with amino groups on the surface of the particles, as shown with surface potential 
measurements. While this reaction leads to the formation of multilayers of the silane on the particle 
surface, the modification is reproducible and reliable for the modification of more than one gram of 
particles. Since 1-2g of particles is an amount easily formed using the Stöber method in lab scale, the 
reaction with CPS enables a complete batch to be modified at once. For the silica particles with 110nm 
used in this work, a ratio of 3.2mmol of CPS per gram of particles and two hours of sonication were 
found to be the most efficient reaction parameters. In the second step of the modification, the 
reduction with LAH followed by purification with hydrochloric acid and water leads to a complete 
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conversion of the nitrile- to amino groups. While the introduced method is more time-consuming than 
the modification with triethoxysilanes, like APTS, it leads more reproducible results and is applicable 
for larger batches of particles. 
 
4.2.2 Attachment of PNiPAM via ‘Grafting to’ Method 
As mentioned in chapter 2.1.2, there are two main ways to attach polymer chains onto a surface: the 
‘grafting from’ and ‘grafting to’ approaches. In this work, both ways were utilized and compared using 
the polyelectrolyte poly(N-isopropylacrylamide) (PNiPAM) as a model polymer for a stimuli-responsive 
system. This polymer has been widely researched and acts as reliable workhorse in many works 
regarding surfaces as well as microgels and related structures (see also chapter 3.2.3.) 
A commonly used way to form polymer brushes using ‘grafting to’ on flat surfaces is the coating of a 
surface with a polymer with a connecting end group, followed by heating above the glass transition 
temperature of this polymer. However, this method is not well suited for the preparation of coated 
particles, as the tendency of aggregation and sintering of the particles is very high [351]. This was 
observed in several modifications under different conditions during this work. Hence, the preferred 
method for the modification using the ‘grafting to’ method is the suspension of the particles in a 
solution of polymer, equipped with a reactive end group. This was demonstrated successfully for 
different inorganic particles (see for example [351-354]). However, the modification of silica particles 
with this method is less documented to this day. The synthesis described in this chapter is based on the 
idea of the formation of a polymer brush layer on silica particles using the ‘grafting to’ approach in 
suspension. 
As coupling reaction, the widely used amide formation between a commercially available carboxy-
terminated polymer and the amino-covered silica particles was chosen. As the carboxyl group on the 
polymer shows a low reactivity by itself, two well-known [355] in-situ activation agents were compared 
in this work: N,N’-dicylcohexylcarbodiimide (DCC) [356] and N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide (EDC) [357], both often used to synthesize or modify proteins using amino acids (see 
for example [358]). The comparison of the efficiency of the two chemicals was carried out using the 
mass difference obtained from thermogravimetry. The initial instruction for the modification of 
particles with DCC was taken from work by N. Tsubokawa et al. [359], however the mass of activator 
could not be controlled to 0.1 mg accuracy, increasing the used amount above the molarity of the 
polymer. The initial synthesis procedure of the modification with EDC was taken from [93]. The 
polymer layer on the particles was compared in respect to the layer thickness, grafting density, zeta 
potential and visible structure in cryo-TEM above and below the LCST of PNiPAM. 
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Figure 4-9: a) Plot of the hydrodynamic radius over the temperature for particles modified with 'grafting to' 
method, specimen SIO2-GT1 b) Exemplary Zeta-potential graphs of ‘grafting to’ particles; c) Plot of the isoelectric 
point over the calculated grafting density for GT-particles. 
 
As mentioned in the previous chapter, the grafting density can be estimated using thermogravimetric 
measurements and calculations shown in chapter 4.1.1.2. The results for the polymer systems are 
summed up in Table 4-12. The estimation leads to similar grafting density values compared to previous 
publications on the ‘grafting to’ method on planar surfaces from solution [96, 119]. However, grafting 
densities obtained from melt [164] are apparently not obtainable using this method, as also previously 
discussed [169]. Using chloroform as a solvent, the reduction of temperature or reaction time leads to 
a decreased amount of polymer on the surface, indicating that the original synthesis procedure [359] is 
already well optimized. Furthermore, the application of EDC as reactant leads to a lower density than 
DCC, even at best conditions, although its function in aqueous medium leaves EDC as an alternative for 
the grafting of materials sensible to organic solvents [93]. 
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Name m(Poly.) [mg] Activator 
x(H2O) 
[%] 
x(SiO2) 
[%] 
x(PNiPAM) 
[%] 
σ(PNiPAM) 
[nm-1] 
Isoelectric 
point [at pH] 
SiO2-GT1 200 DCC 1.9 77.2 19.4 0.14 4.55 
SiO2-GT2 104 DCC 1.9 74.7 22.3 0.17 5.05 
SiO2-GT3 60 DCC 1.7 73.0 23.7 0.18 5.42 
SiO2-GT4 57 DCC 2.5 78.1 18.1 0.13 4.48 
SiO2-GT5 54 DCC 1.9 77.6 17.7 0.13 4.46 
 
SiO2-GT6 61 EDC 2.0 75.2 21.0 0.16 4.49 
SiO2-GT7 55 EDC 1.7 78.6 18.4 0.13 4.48 
SiO2-GT8 58 EDC 2.1 80.2 16.8 0.11 4.47 
SiO2-GT9 58 EDC 2.9 75.5 20.1 0.15 4.54 
Table 4-12: Thermogravimetric results and calculations of grafting density for the GT-modification. All reaction 
conditions can be found in Table 4-4, p. 72. 
 
Electrokinetic measurements of the functionalized particles were conducted to analyze their surface 
potential and charge distribution. The curves recorded for the specimens are shown in Figure 4-9b. The 
isoelectric points for the specimens SiO2-GT1 to 3 are reached at pH-levels increasing from 4.55 to 
5.42, with the value for SiO2-GT 2 (pH=5.05) being closer to the third specimen. The sample SiO2-GT6, 
modified with EDC as activating agent reaches its IEP at a lower pH level of 4.49, in the same pH range 
as all EDC-modified specimens. With the IEP for PNiPAM in other publications reaching from pH=3.2 
[103] to pH=4.5 [326] for brushes on flat surfaces and up to pH=6.2 [360] for crosslinked microgels, the 
values measured here support the assumption that the polymer layer formed on the particles shows 
the characteristics of a brush conformation. 
A graph with the isoelectric points drawn over the grafting density is shown in Figure 4-9c. It shows a 
stable IEP of around pH=4.5 for all specimens with a grafting density below 0.16 nm-1, irrespective of 
the modification procedure. Above this value, the isoelectric point increases with higher grafting 
density. As a grafting density of 0.18nm-1 is the highest value reached in these modifications and the 
density cannot not be calculated with a higher accuracy than 0.1, there are only two points available 
above the constant part. Thus, the tendency of the increase should not be verified to be linear, as 
higher grafting densities were not attainable with this method. 
Regardless of the tendency of the plot in Figure 4-9c, the graph indicates a change in the chargeable 
surface groups above a grafting density of σ=0.16 nm-1. In the specimens SiO2-GT1 to SiO2-GT3, the 
concentration of the polymer in the solution was reduced, leading to a higher calculated grafting 
density on the particles and to a higher IEP. As the steric hindrance is generally presumed to be the 
greatest barrier for the increase of the grafting density for the grafting to method, it could be assumed 
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that a stronger dilution of the reaction mixture decreases the diffusion barrier of free polymer to the 
surface of the particles. 
For an estimation of the polymer layer thickness preceding cryo-TEM analyses, the particles were 
measured using DLS in a temperature range between 20°C and 50°C, hence below and above the LCST. 
An exemplary curve of the hydrodynamic radius plotted over the temperature (Figure 4-9a) shows the 
typical LCST behavior of PNiPAM brushes [125, 158] or microgels (see for example chapter 3.2.3 or 
[288]). The layer thickness measured directly from the TEM recordings (TTEM) and calculated from DLS 
(TDLS) measurements are listed in Table 4-13, together with the corresponding degrees of swelling 
(𝐷𝑆 = 𝑇(20°𝐶)
𝑇(50°𝐶)). The RH values of the collapsed particles in specimen GT3 could not be measured reliably 
in DLS, as values over 1000 were frequently displayed by the automated measurement software, 
presumably due to aggregation of the particles. Possibly, the roughness of the surface plays a role in 
the tendency of separation of these particles. Comparing the available values from TEM and DLS shows 
that, while the layer thickness in collapsed state is slightly higher in cryo-TEM, the DLS values for the 
swollen state are distinctively higher. These tendencies are similar to the measurements of microgel 
particle size shown in chapter 3.2.3 and can be explained by the error sources debated there. This 
means, the degrees of swelling for the brushes given in Table 4-13 are not reliable values for the 
comparison with other measurement methods. While the DS values obtained in TEM are lower than 
those given in literature (around 5, see for example [125, 158, 160, 361]), possibly due to the 
incomplete visibility of the brushes, the DLS measurements indicate a higher degree of swelling, as the 
measured hydrodynamic radii include the layer of water molecules around the particles. 
 
Sample Name TTEM(50°C) [nm] TTEM(20°C) [nm] DS TDLS(50°C) [nm] TDLS(20°C) [nm] DS 
SiO2-GT1 8.9 16.7 1.88 6.5 50.0 7.70 
SiO2-GT3 13.2 18.8 1.42 * 66.2 - 
SiO2-GT6 15.0 23.3 1.55 11.7 78.6 6.67 
Table 4-13: Polymer thickness (T) and degree of swelling (DS) values for different 'grafting to' particles. Values 
from TEM are obtained by direct measurement, DLS values are calculated by the subtraction of the average 
particle diameter from the RH values. *stands for no reliable data obtained. 
 
As the aforementioned IEP corresponds with the ability of the surface to carry charged groups and 
counterions, another explanation for its change is a different surface structure of the polymer shell. For 
a comparative investigation, the structure of the specimens SiO2-GT1 (σ=0.14, IEP at pH=4.55), SiO2-
GT3 (σ =0.18, IEP at pH=5.05) and SiO2-GT6 (σ =0.16, IEP at pH=4.49) were visualized above and below 
the LCST using cryo-TEM imaging. Figure 4-10 shows representative images for the three specimens, 
vitrified from 50°C, i.e. in collapsed state in the top row and from 20°C – in swollen state – in the 
bottom row. It can be observed that the collapsed polymer layer of the DCC-modified particles in 
Figure 4-10a and b are quite uniform while the EDC modified particles possess a more irregular 
structure (Figure 4-10c). In swollen state, only the specimen GT1 with the lowest grafting density 
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shows a regular polymer layer while the layer of the specimen GT3 is fairly irregular. Compared to the 
collapsed state, the sample GT6 shows a fairly similar, slightly irregular surface structure. It can be 
presumed that the coverage of the silica particle surface with polymer is not regular, thus when the 
polymer swells, the irregular grafting leads to an uneven layer while the collapsed polymer is able to 
cover the less used grafting sites on the particle. Possibly, this irregular coverage and polymer structure 
is caused by the higher dilution of the polymer in the reaction solution. 
 
  
   
Figure 4-10: Cryo-TEM images of particles modified by 'grafting to' approach, showing: Specimen SiO2-GT1, 
vitrified from a) 50°C and c) 20°C; specimen SiO2-GT3, vitrified from b) 50°C and e) 20°C; specimen SiO2-GT6, 
vitrified from c) 50°C and f) 20°C; all scale bars are 100nm. 
 
In conclusion, a 'grafting to' method with a carbodiimide-based activator for the carboxylic acid end 
group of a polymer was developed. This approach leads to grafting densities comparable to thermal 
grafting on flat surfaces while preventing the spherical particles from sintering by keeping them in 
solution during the modification process. It was shown that particles with a grafting density of 0.14 
chains per nm² and very regular polymer layers could be synthesized successfully. The response of the 
particles to a change of temperature was shown using cryo-TEM investigation in comparison with 
established DLS measurements. In comparison with DLS and literature values, the cryo-TEM images 
indicate a distinctly lower degree of swelling due to the lower polymer contrast, with the volume 
transition still being perceivable. Furthermore, the TEM images could be used to resolve the structure 
of the polymer shell, identifying irregular layers caused by incomplete grafting procedures or side-
reactions. 
b) c) 
d) e) f) 
a) 
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4.2.3 Attachment of PNiPAM Using the ‘Grafting from’-Approach 
Formation of an anchoring layer for the polymerization 
To reach higher grafting densities than described in the previous paragraphs, the ‘grafting from’ 
method, meaning a surface-initialized polymerization is commonly used (see chapter 2.1.1). In this 
work, the atom transfer radical polymerization (ATRP) was used to form a dense layer of polymer 
brushes on the surface of the particles. Since the ATRP procedure is largely researched for silica 
surfaces (see for example [93, 98, 119, 179, 326]), an already optimized synthesis procedure using 
ATRP with the Cu+1 activator generated in-situ (a so-called AGET-ATRP [196]) was chosen. 
 
 
 
 
 
 
 
 
Figure 4-11: a) Reaction scheme for the immobilization of the ATRP initiator; b) Zeta-potential graph of particles 
modified with bromo-initiator compared to amino-covered ones. 
 
After modification with the initiator for the polymerization (see Figure 4-11a), the particles were 
checked for complete coverage using electrokinetic measurements. Figure 4-11b shows a zeta 
potential graph of particles covered successfully with initiator compared to the amino-covered surface 
of the CPS-particles. For the initiator-covered particles, the isoelectric point lies around pH=4.6, 
showing a slightly acidic surface, which corresponds to the newly formed bromoisobutyryl group. This 
reaction is reproducible for other amounts of particles, as long as the concentration of all reactants 
stays constant. If the concentration of the particles is increased or the reaction is carried out under 
humid air, the increased formation of HBr leads to an irreversible coloring of the particles ranging from 
yellow to light brown. However, this coloring appears to have no effect on the IEP or the later 
reactivity. As the particles are not used for any color-sensitive application in this work, it was ignored if 
the zeta-potential showed a successful modification. 
 
Dependence of the molar mass of the polymer on the concentration of free initiator 
As the polymerization kinetics of an AGET-ATRP reaction strongly depends on the amount of oxygen in 
the reaction vessel [362], it complicates the estimation of time needed to achieve a certain molecular 
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mass. Hence, the control over the molecular mass with the reaction time is largely inaccurate. 
Furthermore, NiPAM reaches a high degree of polymerization in less than one hour of reaction time, 
making a valid estimation of the reaction time even more difficult. To avoid this problem, the reaction 
time was not changed for the polymerizations. Instead, to control the molecular weight, the amount of 
polymer chains formed during the reaction was varied by changing the amount of free initiator in the 
reaction mixture. As a higher concentration of initiator leads to a higher number of polymer chains 
produced and assuming similar reaction kinetics of the polymerization on particles and in solution, it 
can be assumed that the molar mass of the polymer correlates indirectly with the initiator 
concentration. 
The results of the GPC-investigations of the performed polymerizations and the grafting density, 
calculated as shown in chapter 4.1.1.2, are shown in Table 4-14 (all TGA data is found in Table 6-2 on 
page JJ of the appendix). The grafting density lies around 0.4 chains per square nanometer with low 
variation, a value that is slightly higher than densities found in comparable polymerizations on particles 
[326, 363] and very close to highly controlled ATRP polymerizations on flat surfaces [179, 197]. 
Differences in the density values can mainly be contributed to the different calculation methods 
leading to a certain error in the final value. Taking certain errors into account, a value of around 0.4 
chains per nm² appears to be fixed for the grafting density obtainable using the ‘grafting from’ 
approach. This shows that the polymerization conditions used in this work are easily reproducible in 
terms of grafting density. 
The graphs in Figure 4-12b show the molar masses measured by GPC in relation to the initiator 
concentration, pointing out an inverse correlation between the two values above a concentration of 
𝑖[𝑇𝐸𝑎𝐸] = 1.4𝑚𝑚𝑚𝑚
𝑚
 in the reaction solution. Below this concentration, the number-averaged molar 
weight does not increase above a value of 𝑀𝑁~80 𝑘𝑔𝑚𝑚𝑚 which can be assumed to represent the 
maximum chain length achievable with this method and the used amount of silica particles. With the 
concentration of the initiator ranging from ~1.4𝑚𝑚𝑚𝑚
𝑚
 to ~14𝑚𝑚𝑚𝑚
𝑚
 (in a factor of ten), the MN can be 
controlled to a factor of about 2.5, meaning the slope of the change of c[EBiB] to the change of  MN is 
about 4. In this region, the almost linear slope shows that the polymer chain length can be controlled 
with reasonable error using this relatively simple polymerization method. 
The major drawback of the AGET ATRP is the increased polydispersity of the chains, visible in the PDI 
values, ranging from 1.23 up to 1.8 in this polymerization series. Other reaction conditions even led to 
higher polydispersity indices of around 2 (see Table 4-16), being distinctly higher than of other 
controlled surface polymerization methods (see [117] and references therein). As the polydispersity 
does not affect the stimuli-responsive behavior of PNiPAM polymer brushes, it was not attempted to 
decrease the polydispersity during this work. If a lower PDI is necessary for reasons of surface 
uniformity, the polymerization might be carried out using ‘classical’ ATRP conditions under oxygen-free 
atmosphere. 
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Sample 
name 
v(EBiB) 
[µl] 
c(EBiB) 
[mmol/l] 
MN 
[g/mol] 
MW 
[g/mol] PDI 
σ(PNiPAM) 
[nm-1] 
SiO2-GF1 0.1 0.1362 83000 117000 1.41 0.38 
SiO2-GF2 0.5 0.682 79500 124500 1.57 0.37 
SiO2-GF3 1.0 1.362 84500 104000 1.23 0.40 
SiO2-GF4 1.5 2.044 76000 107000 1.41 0.42 
SiO2-GF5 2.0 2.726 69000 94000 1.36 0.40 
SiO2-GF6 2.5 3.406 67500 97500 1.44 0.46 
SiO2-GF7 3.0 4.088 60500 97000 1.60 0.38 
SiO2-GF8 4.0 5.45 55500 100000 1.80 0.41 
SiO2-GF9 10.0 13.626 32500 51500 1.58 0.43 
Table 4-14: Molar weight and distributions, measured from GPC for polymerization with different concentrations 
of EBiB and their calculated grafting densities using GPC and TGA results. All reaction conditions can be found in 
Table 4-5, p. 73. 
 
Furthermore, examining the measurement results presented here, it has to be pointed out that the 
molar mass of the actual polymer brushes could not be measured using the methods available in this 
work. Instead, it was assumed that the reaction kinetics on the silica particle surface is exactly the 
same as of the free initiator in the solution, leading to the same chain length and chain length 
distribution of free polymer and polymer brushes. This and the errors produced by the use of a 
different polymer standard in GPC strongly affect the comparison of initiator concentration with MN 
and the calculation of the grafting density. 
Analogue to the measurements on ‘grafting to’ brushes, the pH-dependent zeta-potential of the 
‘grafting from’ systems were measured to compare the potential curve and the isoelectric point to the 
grafting density. However, the measurements of the IEP did not lead to easily comparable results, 
shown in Table 4-15, with exemplary graphs drawn in Figure 4-12a. This irregular variation of the IEP in 
the region between pH=5 and 5.6 is presumed to be caused by the systematic error of this 
measurement, which is high compared to the absolute ζ-potential value of these systems. The 
potential in the measurements of ‘grafting from’-particles changes from around +10mV to -10mV in a 
pH range from 2 to 11, which signifies a small variation and a flat curve compared to the previous 
analyses, as seen for example in the change from -40mV to +30mV for ‘grafting to’ particles. This 
behavior is characteristic for neutrally charged surfaces [286] and thus indicates a layer largely capable 
of equilibrating the surface charge [364]. In comparison with results from literature describing GF and 
GT procedures [103, 160, 326, 365], the flat ζ -potential curve can be mentioned as a characteristic of 
dense polymer brushes, synthesized by the grafting-from approach. Due to the low change of the zeta 
potential and a certain error in each measurement (see error bars in Figure 4-12), the IEP cannot be 
determined precisely, leading to a seemingly random pH value for each sample. 
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Sample 
name 
MN 
[g/mol] PDI 
σ(PNiPAM) 
[nm-1] 
IEP 
[at pH] 
SiO2-GF1 83000 1.41 0.38 5.57 
SiO2-GF2 79500 1.57 0.37 4.95 
SiO2-GF4 76000 1.41 0.42 5.09 
SiO2-GF6 67500 1.44 0.46 5.32 
SiO2-GF8 55500 1.80 0.41 5.63 
Table 4-15: Isoelectric points of ‘grafting from’ polymer particles measured in electrokinetic measurements, 
together with their characteristic data (compare Table 4-14) 
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Figure 4-12: a) Two exemplary Zeta-potential graphs from particles modified by the 'grafting from' approach; b) 
Molar weight values from GPC drawn over the concentration of EBiB used in the polymerization. 
 
In conclusion, a method for the 'grafting from' approach was optimized towards the control of the 
polymer layer thickness. When using AGET ATRP, a change of the concentration of the free polymer 
initiator under otherwise analogue conditions can be used to form polymer layers on particles with 
varying chain length and layer thickness in a specific range of molar mass under sustainment of the 
brush conformation.  
 
Brush formation under different polymerization conditions 
Besides the variation of the concentration of free initiator described above, the AGET ATRP method 
was tested by variation of other conditions, namely the concentration of the catalytic species and the 
agent used for the formation of the copper complex. 
As mentioned in chapter 2.1.2, the development of the atom transfer radical polymerization has led to 
numerous complex building agents, that strongly change the reaction kinetics of the 
polymerization[180]. In this work, besides the principally used complexing agent PMDTA, the cheaply 
available agent tris[2-(dimethylamino)ethyl]amine (TREN or Me6TREN) was tested in terms of molar 
mass and polydispersity under the same conditions. 
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The results of the test polymerizations are shown in Table 4-16, all relevant reaction conditions can be 
found in Table 4-5. The specimen SiO2-GF12 was polymerized under the same conditions as the 
specimen SiO2-GF4, with TREN instead of PMDTA as complexing agent and SiO2-GF13 was polymerized 
analogue to the aforesaid, with one hour of polymerization time instead of two. For both 
polymerizations with TREN, the obtained MN is lower than the MN reached with PMDTA (73000 g/mol) 
while the polydispersity index is higher (PMDTA: 1.41). Using a shorter reaction time decreases the 
polydispersity index, indicating that the polymerization is still active for some of the chains after 60min 
of reaction time. Following these results, TREN was not used in other polymerizations, as PMDTA 
proved to be the more reliable complexing agent. 
 
Name Remarks c(EBiB) [mmol/l] 
MN 
[g/mol] 
MW 
[g/mol] PDI 
σ 
[nm-1] 
RH(20°C) 
[nm] 
RH(50°C) 
[nm] 
SiO2-GF10 Catalyst /4 2.044 72500 144000 1.99 0.44 285 80 
SiO2-GF11 Catalyst x 4 2.044 75000 109000 1.45 0.42 280 79 
SiO2-GF12 TREN 2.044 63000 126500 2.01 0.31 238 74 
SiO2-GF13 TREN, 60min 2.044 61000 111000 1.82 0.35 221 71 
Table 4-16: Results from GPC, TGA and DLS for various test polymerizations; Remarks are: catalyst /4: reduction 
of the amount of catalyst CuBr2 and PMDTA by factor four; catalyst x4: increase of the catalyst concentration by 
factor four; TREN: use of Me6TREN instead of PMDTA; 60min: reaction time shortened from 120 to 60min. All 
reaction conditions can be found in Table 4-5, p. 73. 
 
To investigate the influence of the catalyst concentration on the molar mass and polydispersity, two 
polymerizations were carried out with varying concentrations of copper bromide, PMDTA and the 
reducing agent ascorbic acid. The decrease of the catalyst concentration in this reaction leads to a 
strong increase of the polydispersity while the higher amount of catalyst results in the formation of a 
polymer with slightly higher MN and PDI. Both results do not indicate a largely more efficient 
polymerization process and accordingly were not pursued further. It was shown that the constitution 
and concentration of the catalyst used in the initial test row are sufficiently optimized. 
 
Concluding the results of the synthesis procedures described in the preceding chapters, a cheap and 
easy polymerization route for the formation of poly(N-isopropylacrylamide) brushes on silica particles 
was described. From the modification of the silica particle surface shown in chapter 4.2.1 to the AGET 
ATRP described here, none of the synthesis procedures require the application of vacuum equipment 
or even extensive degasing. Furthermore, all reactions are carried out in the range between 0 and 
60°C, temperatures that can be attained in almost any chemical lab. It was shown that the concept of 
surface polymerization for “Everyone” by Matyjaszewski et al. [197] can be extended with the variation 
of the free initiator concentration to effectively control the molar mass and thickness of the formed 
polymer brushes. The grafting densities by this ‘grafting from’ approach are in the range of 0.4 chains 
per nm² and thus higher than it can be achieved by grafting previously synthesized polymer chains to 
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the surface, as shown in chapter 4.2.2. Additionally, this higher grafting density leads to a behavior 
very close to the theoretical predictions for stretched polymer brushes, as indicated by DLS 
measurements. 
 
4.2.4 Analysis of Poly(N-Isopropylacrylamide) Around the LCST 
DLS measurements of the systems in the previous chapter have shown a linear dependency between 
the hydrodynamic radii of the PNiPAM covered particles and the molar mass, already indicating the 
formation of a stretched brush system. In this chapter, the structure of the brush system is further 
investigated using electrokinetic measurements, nuclear magnetic resonance and cryo-TEM. The 
investigations were focused on the temperature region around the LCST of PNiPAM to acquire 
additional information on the still not fully researched [206, 366, 367] volume phase transition 
behavior. 
 
4.2.4.1 Polymer Brush Structure 
DLS investigations of the polymer-covered silica particles described in chapter 4.2.3 were carried out to 
find a connection between the molar weight and the thickness of the polymer shell in swollen state. 
Exemplary results of size versus temperature measurements of several specimens are shown in Figure 
4-13a, and show the expected behavior of PNiPAM brushes. For these measurements, the samples 
were heated stepwise to the given temperature in the DLS cuvette and the hydrodynamic radius RH 
was measured after temperature equilibrium. With increasing temperature, the PNiPAM layer 
collapses, with a higher slope in the temperature region of the LCST (27 – 36°C). The behavior of the 
brushes does not differ from the temperature response displayed by microgel particles, as seen in 
chapter 3.2.3 and has been thoroughly investigated (see for example [108, 125, 158] and references 
therein). Additionally, single measurements were conducted at 20 and 50°C to calculate the polymer 
shell thickness in swollen and collapsed state. These measurements were started after a longer 
equilibration time to ensure the equilibration state of the system. With the exception of the specimen 
SiO2-GF1, which shows a distinctly higher hydrodynamic radius (values see Table 4-17), a linear 
dependence between the MN and the diameter measured in DLS can be observed. This linear 
dependency is shown in Figure 4-13b, where the values of the hydrodynamic radius RH for the particles 
with swollen and collapsed PNiPAM shells in water is plotted versus the MN of the specimens SiO2-GF1 
to SiO2-GF9. While the polymer chain length varies in a range of 𝑀𝑁 = 32500 𝑔𝑚𝑚𝑚 to about 80000 𝑔𝑚𝑚𝑚, 
the hydrodynamic radius of the swollen particles ranges from 221nm to 253nm. With a radius of the 
silica particles of about 55nm, this means the thickness of the polymer layer can be calculated by 
simple subtraction and ranges from 166nm to 198nm. For the collapsed state, the hydrodynamic radii 
are measured in the range of 66nm to 81nm, resulting in a layer thickness between 11nm and 26nm. 
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Figure 4-13: a) Temperature-dependent DLS measurements of several exemplary specimens of particles modified 
with PNiPAM brushes via the 'grafting from' approach; b) Hydrodynamic radii from DLS drawn over number 
averaged molar masses for specimens with varying EBiB concentrations; dotted lines represent linear fit curves. 
 
For both swelling states, a linear slope of the RH, and thus the polymer thickness can be easily observed 
in the graph in Figure 4-13b. A linear fit was added to each of the curves to visualize this behavior. The 
specimen SiO2-GF1 was excluded from the linear fit, as its inclusion doubles the error of the 
calculation, marking it as an outlier. The linear change of layer thickness with the molecular weight, for 
both good and bad solution conditions, is a key characteristic of polymer brushes as described in the 
Flory-approximation [135] of the surface-bound chain molecule model by S. Alexander [136] and P. G.< 
de Gennes [137], strongly indicating the formation of a dense brush system. 
In addition to the dependency on the molar weight, it can be observed that the brushes formed by the 
‘grafting from’ approach form a thicker polymer shell than the ‘grafting to’ brushes described in the 
previous chapter. As a polymer with 𝑀𝑁 = 44500 𝑔𝑚𝑚𝑚 was applied in the ‘grafting to’ approach, the 
specimens SiO2-GF8 and 9 are in a comparable region of MN, and as expected, the thickness of the 
collapsed polymer shell is comparable for these specimens. There is, however, a difference in the 
thickness of the swollen layer: the maximum degree of swelling measured from DLS was DS=7.7 for the 
‘grafting to’ brushes while the values for the ‘grafting from’ brushes are slightly higher, averagely about 
DS=9.0, as shown in Table 4-17. This can be explained by the energetically favorable stretching of the 
chains due to the higher grafting density [122, 368] and serves as an indication for an incomplete 
swelling towards the stretched brush regime [68] for the brushes with lower grafting density. 
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Sample 
name 
MN 
[g/mol] 
TTEM(50°C) 
[nm] 
TTEM(20°C) 
[nm] DS 
TDLS(50°C) 
[nm] 
TDLS(20°C) 
[nm] DS 
SiO2-GF1 83000 12.65 74.21 5.9 31.40 236.37 7.5 
SiO2-GF2 79500 * * * 17.53 189.23 10.8 
SiO2-GF3 84500 10.46 59.44 5.7 26.37 198.33 7.5 
SiO2-GF4 76000 11.58 69.42 6.0 20.97 187.00 8.9 
SiO2-GF5 69000 * * * 20.73 184.67 8.9 
SiO2-GF6 67500 * * * 19.40 184.03 9.5 
SiO2-GF7 60500 * * * 18.93 173.90 9.2 
SiO2-GF8 55500 8.11 57.32 7.1 18.10 171.47 9.2 
SiO2-GF9 32500 6.74 53.83 8.0 15.71 155.13 9.9 
Table 4-17: Polymer thickness (T) and degree of swelling (DS) values for different 'grafting from' particles. Values 
from TEM are obtained by direct measurement, DLS values are calculated by the subtraction of the average 
particle diameter from the RH values. * stands for specimens not measured. 
 
Furthermore, Table 4-17 shows values of the polymer thickness measured in cryo-TEM, where the 
thickness of the visible polymer shell could be measured directly from the surface of the particle. The 
values for the degree of swelling are lower than those measured from DLS, which can be explained by 
several reasons: Firstly, the direct measurement of the visible polymer in cryo-TEM images does not 
necessarily include the complete layer, as the contrast between polymer and its surrounding water is 
too low to recognize single polymer chains stretching out over the measurable shell. Furthermore, due 
to the determination of visibility and image quality by the user, TEM imaging might not lead to a 
representative selection of thickness or structural distribution. As an example, the majority of images 
might not be chosen for analysis, as they appear to be distorted due to sample preparation, even if the 
specimen is represented well. In contrast, DLS measurements lead to averaged values of particle 
mobility and rely on mathematical models using an average density for the determination of the 
hydrodynamic radius. Due to the automated setup of most modern particle size analyzers, the details 
of these calculations are specified by the manufacturer and thus unknowable to the user. As previously 
mentioned in chapter 3.2.3, this calculation of RH, followed by subtraction of an average particle radius 
leads to a deviation of the measured values, particularly if the polymer does not possess a regular 
density, aggregates are formed or the silica particles are larger than expected. Accordingly, the 
polymer thickness values obtained from DLS and cryo-TEM are not directly comparable to each other. 
In both measurement methods, the degree of swelling does not show a tendency in relation to the 
molar mass or the grafting density, as it was shown by D. E. Leckband at al. [102, 206]. This can be 
explained by the low variation of these factors over all specimens (e.g. a factor of MN of 2.6 compared 
to 4.4 in [206] and 4.6 in [102]) in comparison with a higher systematic error for each of the 
measurement methods. Furthermore, M. S. Kent et al. [369] have shown that the degree of swelling is 
Synthesis and Characterization of Polymer Brush Systems 
100 
 
influenced by a combination of the molar mass of the chains and the grafting density, with a high 
amount of chains on the surface leading to a lower degree of swelling of the brushes. 
 
To investigate the relation of the electron density perceived in TEM with the density of the polymer 
brush, a series of gray value-profiles across a polymer-covered particle was taken. Using gray value-
analysis, the profile of the polymer brush itself cannot be determined exactly, yet gives a first 
indication of local polymer density from cryo-TEM images of unstained polymer brushes. Figure 4-14b 
shows the gray values of the series of cross-sections through the center of the particle shown in Figure 
4-14a, with higher values representing higher brightness. The obtained graphs can be used to 
approximate the mass density of the material shown on the image, with the middle part representing 
the silica particle (recognizable by the lower gray values and the round shape of the graph) and the 
sides indicating the polymer layer. A slight deformation of the profile of the silica sphere is observable 
on the left side of the graph, which can be attributed to the not perfectly round particle. 
  
  
Figure 4-14: a) Cryo-TEM image of a silica particle with swollen 'grafting from' polymer brush with the red lines 
showing exemplary position of intensity profile measurements; b) Intensity profile of an average of 36 
measurements with the black line showing the averaged profile and red dashes indicating the standard deviation. 
 
From all measurements, an average density profile for the polymer cover of this particle was created 
by normalization of the individual profiles for the right and left side to a relative position between 0 
(closest to the silica particle) and 1 (end of the image). Then, the average value and standard deviation 
of the gray value at each relative position was taken and plotted over that position (see Figure 4-15). In 
this intensity-graph, the y-axis is plotted from high to low gray values, since a lower gray value 
indicates a lower transparency and thus a higher density of the material. The overall polymer profile 
measured here can be described with a negative parabolic function, as observable on the fitted curve 
in Figure 4-15. It can be observed that there is no clear distinction between the end of the polymer and 
the aqueous surrounding, either as the low contrast between polymer and aqueous surrounding does 
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not allow a differentiation of the two materials or the thickness of the water film is changed around 
the particle. The possibility that the polymer layer extends beyond the area of the taken image needs 
to be taken into account, however comparing the dimension of the image (see x-axis in Figure 4-14b) 
with previous DLS measurements, a layer thickness of less than 200nm can be assumed. 
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Gray Value A 1441,062 1,29377
Gray Value B 2939,093 9,20586
Gray Value C -1308,74 10,65763
 
Figure 4-15: Averaged gray value profile of all measurements on one particle with standard deviation (red 
dashes) and parabolic fit (green line and values in inserted table); y-axis from high to low gray values 
 
In order to put this finding in perspective with theoretical brush profiles (see also chapter 2.1.1), 
several calculations of density profiles were performed and the results were compared. Figure 4-16a) 
shows the results of mean-filed calculations for monodisperse brushes on spheres. For the different 
curves, the radius R of the sphere was changed in relation to the overall polymer length (denoted as 
N∙b with N: number of monomers and b: length of one monomer). These results are in accordance with 
previous calculations and Monte Carlo simulations [152, 153]. As observable on the convex, closely 
parabolic shaped curves, the spherical surface only changes the theoretical profile for flat surfaces 
distinctly at a value of R =0.17N∙b, i.e. at very low radii (compare chapter 2.1.1). For the system 
investigated here, a ratio of R≈0.5N∙b can be presumed from the DLS values of the specimen SiO2-GT3 
and a ratio of ≈1 from the TEM measurements of the same specimen (see Table 4-17). Accordingly, the 
difference in density caused by the curvature of the surface does not influence the overall brush profile 
to a large degree and in the following calculation it was disregarded. The second set of theoretical 
profiles (see Figure 4-16b) was calculated according to the theory on brush density of polydisperse 
chains by S. T. Milner et al. [148], assuming a flat surface. As for the calculation of spheres mentioned 
before, the graphs are plotted on reduced axes with values divided by the variables N, b, v and γ with v 
being the excluded volume and γ as the reduced grafting density. The calculated density profile curves 
were scaled to set the area under the curves to 1 for this scale of the x- and y- axes, as the curves can 
be shifted by assertion of a fixed value to any of the given variables to fit the measurement data. 
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Figure 4-16: a) SCF-calculations (by Dr. Dirk Romeis)  of a density profile of monodisperse polymer brushes on 
surfaces with different curvatures, described by the radius R in relation to the polymer layer thickness N∙b; b) 
Numeric SCF-calculations of brushes on flat surfaces with different polydispersity; dashed lines: calculations on 
flat surfaces, solid lines: numeric adjustment for spherical geometry. In both graphs, the curves are normalized so 
the area under the curve is 1 and the axes are divided by all variables as noted: v - excluded volume, b - monomer 
length, N - number of monomers and γ - reduced grafting density. 
 
To include the effect of the spherical geometry, a ratio of 1:1 between the radius of the particle R and 
the reduced polymer layer thickness N∙b was assumed. However, as discussed above, the end of the 
polymer layer is not distinguishable, thus a more precise determination of its thickness is not possible 
from TEM micrographs. Depending on the real thickness of the brush layer, the calculations need to be 
adapted by a factor for N∙b. The integral resulting from an assumption of R=N∙b=1 was added 
numerically to the density profiles of the brushes with polydispersity 1.10 and 1.20 and the result is 
plotted in Figure 4-16b, comparing the initial profiles with the modified ones. As it was expected, the 
spherical profile leads to the strongest effect in the region close to the surface (thus at high thickness 
of the layer) while only slightly changing the profile on the outside. 
For a final comparison of the density profiles, the calculated profiles of polydisperse brushes with a 
spherical geometry shown in Figure 4-16b are plotted together with the average gray value profile in 
Figure 4-17. The axes for the gray value profile in this diagram were scaled in order to overlap the 
endpoints of the calculated curve with the measured profile. Assuming a correct ratio of silica core and 
polymer shell, this comparison of the curves can be used to assess the polydispersity of the polymer. 
Here, a PDI of 1.23 measured from GPC is in good accordance with the curve calculated for a PDI of 
1.20. Furthermore, the assumptions of stretched brush behavior can be regarded as valid for brushes 
of this grafting density (around 0.4), according to the scaling laws [137]. Absolute comparisons of 
calculated curves with gray value profiles can only be conducted if the parameters N, b, v and γ of the 
investigated specimen are known and incorporated as scaling factors. Moreover, due to the ice 
surrounding the particle, there is an offset of the curve that can only be calculated via the mass-density 
of the ice if its exact thickness could be measured. 
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Figure 4-17: Numerically modified density profiles (calculated by Dr. Dirk Romeis) and average gray value profile, 
each plotted with their own axes, as shown by the color. Axes of the gray value graph scaled to match the 
endpoints of the calculated curve. 
 
Independent of the scaling of the curves, the profile matches the theoretical value very well with small 
differences that might be attributed to a higher polydispersity of the polymer on the particle. 
According to this observation, it can be assumed that a direct relation between the gray values from a 
TEM image and the polymer density exists, however it needs to be emphasized that the gray value-
profile does not represent the density of pure polymer. As already mentioned in chapter 3.2.3, the 
cryo-TEM image shows the organic matter together with the water trapped in and around the polymer. 
As the polymer density is expected to be largest in the area around the silica particle, this might lead to 
a repulsion of water molecules and thus a film with less overall density compared to the outside of the 
layer. Additional factors influencing the projection are the blurring of the boundaries and the possible 
deformation of the polymer shell inside the vitrified water film. Taking these aspects into account, the 
density profiles obtained by TEM are not easily comparable with theoretic models or other 
measurement methods, such as measurements by M. E. Kent et al. showing very similar profiles using 
neutron reflectivity [214]. However, studies pointing out differences between theory and experiment 
by observing a closely linear density profile in other structural investigations (e. g. neutron reflectivity 
[121] or GISAXS [120]) can be found, indicating certain uncertainties in the application of a model for 
the density calculations or the preparation procedures. For the verification of the first investigations 
presented here, the occurrence of a similar profile for a swollen brush system in comparison with 
theoretical models can be used as basis to reassess other brush conformations by cryo-TEM analysis. A 
comparison between polymers with different grafting density, charge, length and polydispersity might 
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lead to a more accurate knowledge on the relation between TEM grey values and density profiles, 
enabling a relatively quick measurement of this important characteristic of a polymer brush layer. 
To obtain additional information about the density inside the polymer layer during collapse, cryo-TEM 
investigations in the region of the LCST are focused on the polymer brush structure visible in the 
electron micrographs. The exemplary cryo-TEM image in Figure 4-14a (enlarged version in the 
appendix - Figure 6-9) shows a very distinctive structure for the swollen polymer brushes. In contrast to 
the brushes formed by the ‘grafting to’ approach (see chapter 4.2.2), an arrangement perpendicular to 
the particle surface is perceivable on the image. Observation of this ‘hairy’ structure was initially 
published in a peer-reviewed journal by M. Ballauf et al. in 2005 [66], observing the charged 
polyelectrolyte poly(styrene-sulfonate acid). However, as the researchers stained the samples using 
cesium ions prior to the cryo-TEM investigations to increase contrast, the cause of the observable 
structure in Figure 4-14a might not be explained the same way. Furthermore, single polymer chains are 
not visible in cryo-TEM due to the limited resolution. Regarding these factors, two possible 
explanations for the visibility of the stretched chains are given here: Firstly, there is a possibility of a 
formation of bundles of polymer chains, as for example described by R. S. Ross and P.  Pincus [121] or 
more detailed by A. V. Dobrynin et al. [156]. These bundles might be sufficiently thick to be visualized 
in cryo-TEM; however, the formation of bundles is restricted to poor solvent conditions and thus not 
easily applicable to PNiPAM brushes in water. There is also the possibility of a crosslinking of the single 
chains, supporting the formation of a bundle. Yet, comparing the results presented in this work with 
published micrographs of crosslinked PNiPAM systems (for comparable systems see [66] and [55]), the 
polymer investigated here resembles a brush conformation more closely.  
 
  
Figure 4-18: Cryo-TEM images from specimen SiO2-GF3 in aqueous suspension vitrified from a) 22°C and b) 50°C. 
 
A second explanation for the observed structure is an ordering of water in between and in the 
direction of the stretched polymer chains in a crystalline manner. This oriented structure might be able 
to diffract the electron beam, similar to the effects described for poor sample freezing [250, 261]. This 
b) a) 
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explanation would presuppose an ordered structure of the polymer shell, as it can be expected from 
stretched brushes. In contrast, the absence of this structure on the micrographs of the ‘grafting to’ 
brushes can be attributed to the formation of a less ordered chain conformation, such as a pancake or 
mushroom regime (compare chapter 2.1.1). The following experiment was conducted on the specimen 
SiO2-GF-3, which showed a well visible structure of the swollen brush in first cryo-TEM investigations. 
The particle suspension was heated in steps of 2 kelvin in an ultrasonic bath, beginning from room 
temperature and after a grid with the suspension at that exact temperature was vitrified. The TEM 
images recorded under the conditions were compared in regard to the structure of the collapsing 
polymer. It is expected that the structure formed by the stretched chains in good solvent conditions 
disappears above the LCST, when the polymer collapses to a denser and less ordered state.  
 
   
  
         
Figure 4-19: Cryo-TEM images from specimen SiO2-GF3 in aqueous suspension, frozen from increasing 
temperatures, as given on the images; all scale bars are 100nm. Enlarged images can be found in the appendix. 
  
a) 22°C b) 24°C c) 26°C 
d) 28°C e) 30°C f) 32°C 
g) 34°C h) 36°C i) 40°C 
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Figure 4-18 shows particles, frozen from 22 and 50°C, as a comparison between the observed 
structures of swollen and collapsed polymer, respectively. While the slightly visible ‘hairy’ structure in 
swollen state resembles the known images mentioned in the previous paragraph, the irregular 
structure of the collapsed polymer is comparable with the polymer grafted onto the surface, as 
described in chapter 4.2.2. As also shown in this chapter, the polymer does not appear to collapse 
regularly in most cases, yet forms several denser parts around the particle while other parts of the 
surface do not possess a visible polymer cover. Additionally, some parts of the polymer do not appear 
to be fully collapsed, indicating either a state of disequilibrium or a locally enlarged polymer chain 
concentration leading to a higher osmotic pressure and thus a stretching of the brush [68]. 
The relation between stretched and collapsed brush was further investigated in the region between 
22°C and 40°C, i.e. the region in which the polymer shell thickness measured in DLS (see Figure 4-13, 
chapter 4.2.3) shows the highest rate of decrease. Figure 4-19 shows a cropped exemplary micrograph 
of a covered particle at each temperature, with the original enlarged images shown in the appendix 
(Figure 6-10 to Figure 6-18, pages EE and following). While the last image of this series, taken from a 
suspension at 40°C, resembles the collapsed brush structure, the polymer structure of the particles 
vitrified between 22 and 28°C shows great similarity to the already discussed image of the stretched 
brush. The measured thickness of the visible organic matter decreases from 44.7nm to 18.7nm in the 
temperature region covered in these images, which attributes to a complete collapse of the polymer 
chains. While the previously described micrographs can be attributed to swollen or collapsed 
structures, the images in the temperature region between 30°C and 36°C show signs of both 
structures. While irregular, denser structures are perceivable closely to the particle, the halo of orderly 
stretched polymer chains is visible in addition. This stands in accordance with observations published 
by G. Zhang et al. [366], who monitored the swelling of PNiPAM brushes with a quartz microbalance, as 
well as well as results from neutron reflectometry [370] and high sensitivity microcalorimetry [371]. 
While these already published measurements indicate the presence of two different transitions in the 
region between 30°C and 40°C, the neutron reflectivity experiments conducted by H. Yim et al. [213] 
show the formation of a bilayer in the region between 27°C and 35°C, i.e. a very similar temperature 
range as it is observed in this work for the occurrence of both structures in cryo-TEM. This supports the 
indication of a temperature region, where the PNiPAM brushes are only partially collapsed and form 
two phases with different densities that can be detected by electron microscopy and neutron 
scattering. It has to be mentioned that the paper by G. Zhang et al. [366] describes the existence of this 
two-phase-region during cooling in form of partial swelling, however this appears to be a mostly kinetic 
effect and does not serve as a full explanation for the observed phenomena. 
A simple explanation for the visualized structures can be given by the different chain length of the 
comparatively polydisperse PNiPAM synthesized in this work; however, as the aforementioned 
publications use polymers synthesized by different approaches, some with lower PDI, this might not be 
the only cause of this effect. Another reason for an inhomogeneous collapsing could be a fluctuation in 
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the grafting density. This relatively simple explanation cannot be checked, as the local grafting density 
on the particles could not be measured by any means available during this work. 
The two-phase collapse cannot be observed in the hydrodynamic radius shown by DLS measurements, 
indicating that the overall polymer thickness is not influenced. Considering the gradual decrease of DLS 
curves, it can be presumed that the temperature-controlled collapse of PNiPAM is not a sudden 
occurrence, which can be explained using the theories on brush density- and chain end distribution in 
solvents of different qualities mentioned before. A collapse of PNiPAM in two stages with decreasing 
solvent quality might also be explained using theories on nonuniform collapse of polyelectrolyte chains 
in bad solvent, as described in a comparative review by A. V. Dobrynin et al. [372]. In this theory used 
for charged polyelectrolytes, a collapse of free chains into blobs of a certain size is predicted due to the 
equilibrium between repulsion of the chain segments with each other and the solvent [373]. If this 
equilibrium blob size is too low to incorporate the complete polymer chain, several blobs are formed 
along the chain, leading to a so-called pearl-necklace conformation, as investigated and visualized by S. 
Minko et al. [374, 375]. These structures have also been visualized in cryo-TEM, e.g. by O. Borisov et al. 
[376]. Compared to the polyelectrolytes investigated in these publications, PNiPAM does not possess 
strongly chargeable groups, yet the theory on chain segment stiffness may also lead to explanation on 
the partial collapse observed here. 
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Figure 4-20: Hydrodynamic radius from DLS (black) and polymer shell thickness from cryo-TEM (red) over 
temperature; green lines indicate the regions of postulated collapsing states of PNiPAM brushes. 
 
For a comparison with the DLS measurement of the specimen SiO2-GT3, the red circles in Figure 4-20 
show the polymer shell thickness values measured directly on the cryo-TEM images. As previously 
discussed, these measurements show the polymer layer thickness and thus are not directly comparable 
with the measurement of RH by DLS. Furthermore, they are inaccurate due to the high amount of 
particles with deformed polymer shells on each TEM grid and the low amount of particles measurable 
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on each specimen. However, a tendency similar to the collapse measured in DLS can be observed: 
Initially, the overall thickness of the polymer brush decreases up to a temperature of 28°C. Above this 
temperature, the described denser phase is visible on the micrographs and was measured for the 
illustration in Figure 4-20. Within the error of the measurement, this phase does not change 
perceivably until a temperature of 50°C. It can be concluded that the less dense part of the polymer 
collapses further; however, due to an even larger error in the measurements, caused by the low 
visibility of the shell, this could not be verified during the time of this work. 
In conclusion, the collapse of the brush during gradual heating above the LCST was investigated using 
DLS and cryo-TEM. The DLS measurements of polymer shells with different molar masses give an initial 
indication for a stretched brush regime as described in theory. Cryo-TEM investigations support this 
observation by showing a distinctive structure of the swollen brush that can be easily distinguished 
from the collapsed polymer. In the region of the highest decrease of the RH, a combination of both 
observed structures appears on the micrographs. Combining the findings shown in this chapter with 
previously published work, a region of a partially collapsed polymer brush between around 28°C and 
38°C can be postulated before the polymer undergoes complete collapse above 40°C. 
 
 
4.2.4.2 Free Polymer Chain Mobility 
To further explain the temperature-dependent structural investigation described above, polymer chain 
mobility investigations by 1H-NMR were conducted on the polymer used for the ‘grafting to’ approach. 
While several studies measuring the collapse of PNiPAM have been published (see for example [156, 
368, 377, 378]), these studies focus on the overall proton mobility in aqueous solutions of the polymer. 
As a novel approach on the investigation of polymer chain mobility, the results presented here are 
generated using solid-state NMR techniques of polymer in D2O and thus allow a more direct 
measurement of the proton mobility during the volume phase transition. 
Due to problems with the polymer concentration during the first tests, the polymer was not grafted 
onto particles but used in aqueous solution instead, thus the findings described in chapter might not 
be fully comparable with the behavior of polymer brushes. As the synthesis of brush systems with a 
low size of the silica core, necessary to prevent sedimentation and ensure a good ratio between the 
polymer and the silica-signal, has some drawbacks, the measurements were not finished by the end of 
this work. Nevertheless, the first results will be presented in this work to gain additional understanding 
in the mechanism of PNiPAM chain collapse around the LCST. As these results are not fully evaluated 
and discussed by the finishing of this work, further information will be published by Dr. Scheler and the 
Polyelectrolytes and Dispersions group at the IPF Dresden. 
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Figure 4-21: a) NMR spectrum of carboxy-terminated PNiPAM swollen in D2O, taken with CRAMPS rotor, showing 
letters to allocate the signals; b) structure of PNiPAM with matching letters for allocation. 
  
Figure 4-21a shows a NMR spectrum taken under the conditions used for measurements and points 
out the assignment of the peaks to the protons in the polymer. As the resolution in these 
measurements is not sufficient to analyze each proton group individually, the signal starting at a 
chemical shift of 1ppm containing the protons of the polymer backbone and the CH3 group at the end 
of the isopropyl rest was investigated in terms of the decay compared to the lock pulse time. The 
resulting curves are shown in Figure 4-22a for temperatures below the LCST and Figure 4-22b for 
higher temperatures. As the decay is known to be exponential [148], the integral values calculated 
from the peak were fitted with exponential functions for the best match with the resulting curves. It 
was found that the best fit could be achieved with a formula containing two different exponential 
factors: 
( 4.13 ) 𝑃 = 𝐶1 ∙ 𝑖𝑥𝑒−𝑥𝑡1 + 𝐶2 ∙ 𝑖𝑥𝑒−𝑥𝑡2 
 
In this formula, t1 and t2 represent two different decay times, attributed to two relaxation processes 
and were accordingly named ‘T1ρ short’ and ‘T1ρ long’ for better understanding. The factors C1 and C2 
can be attributed to the ratio that each of the T1ρ times contributes to the overall decay. Accordingly, 
these factors can be used to calculate a fraction of both T1ρ times: 
( 4.14 ) 𝑓𝑎𝑎𝑖𝑓𝑎𝑃𝑛 (𝑇1𝜌 𝑠ℎ𝑃𝑎𝑓)  = 𝐶1𝐶1+𝐶2  and  𝑓𝑎𝑎𝑖𝑓𝑎𝑃𝑛 (𝑇1𝜌 𝑃𝑃𝑛𝑙)  = 𝐶2𝐶1+𝐶2 
 
To check for an effect of volume phase transition kinetics on the relaxation, measurements in the 
region of the LCST were carried out after heating from 10°C, as well as cooling from 65°C and all results 
are combined in Figure 4-23a for the relaxation times and in Figure 4-23b for the fraction representing 
each time. It could be observed that the signal decay was not influenced by the initial temperature, as 
it was expected due to the long time for each measurement. 
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Figure 4-22: Integrated intensity of the measured NMR signal at a chemical shift of 1ppm over the lock pulse 
time. Each set of squares of one color represents one measured temperature; a) temperatures below the LCST of 
PNiPAM; b) temperatures above the LCST. 
 
While the shorter T1ρ (black squares in Figure 4-23a) fluctuates over all experiments and does not 
form a distinct curve, the longer relaxation time (red dots in Figure 4-23a) shows a perceivable increase 
beginning from 28°C to 38°C, a temperature range that matches well with the two-phase region 
described in the previous chapter. However, as the temperature of the NMR tube was controlled by 
external heating or cooling of the probe head, and the quick rotation and magnetic field change might 
induce a strong temperature fluctuation inside the sample, the effect observed here is not necessarily 
equal to the one described above. Further evidence for a change in the state of the polymer is visible in 
the fractions in which the two relaxation times contribute to the overall decay: in the beginning of the 
LCST region, these fractions undergo a strong change. The fraction of the longer relaxation process 
increases from around 5% at 10°C to 9% around room temperature, then rises to a maximum of 26% at 
28°C and decreases to its initial value above 31°C. 
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Figure 4-23: a) Relaxation times T1ρ calculated from the two-component exponential fit shown in formula ( 4.13 ) 
over the measurement temperature, all experiments combined in one graph; b) fractions of the relaxation times 
over temperature, calculated using formula ( 4.14 ). 
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While no published NMR investigations to explain this behavior were found, an explanation for the 
change in those two relaxation processes might be the change in the polymers elastic properties. M. 
Phillip et al. [364, 367] showed nonlinear elastic properties as well as a differing thermal expansion 
coefficient in the region of the LCST by Brillouin spectroscopy. Later, the same group investigated the 
volume phase transition of the polymer molecule by quasi-elastic neutron scattering and were able to 
describe the dehydration on a molecular level, further supporting their results [66]. This change in the 
elastic properties in connection with the expulsion of water molecules presumably causes the changes 
in chain mobility measured by the NMR investigations presented here. 
However, to fully explain the observed effects, further investigations and discussions will be necessary. 
 
In conclusion, this chapter briefly describes changes in the polymer chain mobility measured by 
relaxation experiments in nuclear magnetic resonance. It was shown that, at a temperature close to 
the LCST, the investigated spin-lattice relaxation time undergoes a change of its two components T1ρ 
short and T1ρ long. To fully explain these findings, further experiments and discussions will be 
conducted and published by Dr. Ulrich Scheler at the department of Polyelectrolytes and Dispersions at 
the IPF Dresden. 
 
 
4.2.5 Polymer-Coating of Gold Nanoparticles for Photonic Experiments 
As mentioned in chapter 2.1, stimuli-responsive polymer brushes have been shown to serve a variety 
of purposes in biological, medical or sensory applications. In this chapter, an attempt to combine the 
flexibility of the previously investigated polymer brush system and the optical properties of the well-
known colloidal gold [379-382] to create new applications in the field plasmon interaction optics is 
described. The formation of a gold nanoparticle-polymer-system was developed on the basis of the 
synthesis procedures characterized in the previous chapters and analyzed accordingly. 
Both, 'grafting to' and 'grafting from' approaches were used to form a stimuli-responsive PNiPAM layer 
that enables Cadmium Selenite quantum dots (QDs) to be attached electrostatically and varied in their 
distance to the gold particle. Following the synthesis, UV/Vis- and fluorescence measurements were 
conducted to check for an interaction between the surface plasmons of gold and the QDs. The work 
described here was carried out by Mr. Aswin Arakkal and Mr. L. Schellkopf in connection to Mr. 
Arakkal's master thesis and is described in full detail there. Additional details based on the first results 
presented in this work will be published later [P6]. 
 
4.2.5.1 Formation of a Polymer Layer on Gold Nanoparticles 
In the first step of the modification, a molecule combining a thiol end group and an ATRP initiator (see 
Figure 4-24a) was successfully synthesized, according to instructions found in literature [193] (see 
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chapter 4.1.6). Prior to polymerization, this initiator was tested as a stabilizing agent for the gold 
particles provided by the Eychmüller group at the TU Dresden [336]. These particles were prepared 
and handled in aqueous suspension in which the initiator is not soluble. Accordingly, different mixtures 
of water and organic solvents were prepared for the modification and tested in their ability to stabilize 
the particles. For these tests, UV/Vis spectra of the initial particles were compared with spectra of 
particles modified with the stabilizer, separated by centrifugation and redispersed in the water-solvent 
mixture. Changes in the wavelength of maximum absorption or the shape of the absorption band were 
used as indicator for the instability of the particles.  
 
S S (
CH2)11O
O(H2C)11
O
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Figure 4-24: a) Chemical structure of dithiol stabilizer with two isobutyryl bromide end groups for the initiation of 
ATRP; b) exemplary cryo-TEM image of the mixture of the dithiol and gold nanoparticles in a methanol/water 
mixture, showing a droplet of stabilizer with two gold particles in its vicinity 
 
First experiments were conducted with Methanol and Ethanol with the following findings: Ethanol 
does not support the initial stabilization of the particles with citrate molecules, leading to a complete 
aggregation after about 30min, depending on the particle concentration. No method of stabilization in 
Ethanol was found during the time of the work and the solvent was disregarded from future 
experiments. Methanol was found to be a bad solvent for the thiol stabilizer with its long aliphatic 
chain. While the stabilizer dissolves in methanol after sonication, the addition of any amount of 
aqueous particle suspension leads to the formation of small droplets, presumably consisting of the 
stabilizer, as seen in the exemplary cryo-TEM image of the system (Figure 4-24b). Due to the formation 
of this additional phase, the distribution of the initiator was probably insufficient for a homogeneous 
modification and thus a complete stabilization of the gold particles in methanol. 
The following tests were carried out in dimethylformamide (DMF), which was found to be a good 
solvent for the thiol-stabilizer while being fully miscible with water. As first tests appeared to be 
successful, a complete series of experiments with different concentration of the stabilizer and varying 
ratios of aqueous suspension and DMF was conducted. Figure 4-25a shows exemplary UV/Vis spectra 
recorded after a centrifugation/redispersion step in comparison to the initial particle spectrum (dashed 
line). The shift of the single spectra is not added mathematically; instead it is caused by different 
concentrations of the gold particle suspensions. Compared to the initial sample, all modified particle 
spectra show a higher baseline at wavelengths above the absorption peak, caused by free stabilizer in 
b) 
100 nm 
a) 
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the solution. While the specimens modified in a 1:1 DMF/water mixture (example: Figure 4-25a red 
line) show a very low absorption compared to the baseline, the particles modified in 2:1 and 3:1 
DMF/water (examples: Figure 4-25a green and blue lines) possess a higher absorption. This is caused 
by the higher amount of particles being resuspended after the centrifugation, indicating less 
aggregation and thus better particle stability. Further experiments with a mixture of DMF saturated 
with sodium citrate and water in the ratio 3:1 (example: Figure 4-25a cyan line) shows an even higher 
absorption band compared to the baseline in the spectrum. Accordingly, the best sample (with a 3:1 
ratio of DMF saturated with sodium citrate to aqueous particle suspension) was cleaned further by 
centrifugation and resuspension in clean DMF or by dialysis in DMF. The normalized UV/Vis spectra of 
the cleaned samples in comparison with the initial sample (Figure 4-25b) show a higher shift in the 
absorption band of the dialyzed particles. It can be presumed that the high dilution of the thiol leads to 
the detachment of some of the stabilizers from the surface of the gold particle [383], subsequently 
leading to aggregation of the particles. Additionally, the concentration of the dialyzed particles is lower 
than of the particles cleaned by centrifugation, making centrifugation the more effective cleaning 
method for the stabilized particles. In combination, a modification for 24h in a 3:1 mixture of DMF 
saturated with sodium citrate and water, followed by centrifugation and redispersion produces very 
stable particles prepared for a 'grafting from' polymerization by an end group fit for ATRP. While the 
previously released work by S. A. Sukhishvili et al. [339] also indicates a feasible modification with a 
DMF/water ratio of 1:1, there are no UV/Vis graphs published in this work, thus a direct comparison is 
not possible.  
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Figure 4-25: UV/Vis spectra of gold particles tested for stability after thiol-modification; a) exemplary graphs of 
the complete series; b) normalized graphs of samples modified with the best conditions, after cleaning. All 
conditions can be found in Table 4-7, p. 78. 
 
As the initiator-stabilized particles are difficult to suspend in methanol due to the low solubility of the 
organic shell, polymerization experiments of NiPAM in DMF were conducted. Following the results 
presented in 4.2.3, the polymerizations were carried out using the AGET-ATRP approach for 
b) a) 
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polymerizations in air [197]. The first optimization steps of the polymerization conditions were 
conducted via formation of free polymer in solution and comparative GPC investigations. As it was 
shown in publications by different groups [384-386], ATRP can be conducted in a mixture of DMF and 
water, leading to polymers with a molar mass and polydispersity comparable to polymerizations in 
methanol, as described in chapter 4.2.3. In the first series of experiments, the ratio of DMF and water, 
the complexing agent, the reaction temperature and the time for polymerization were varied; for the 
exact reaction conditions see Table 4-8, for results see Table 4-18. 
Before analyzing the obtained data, a problem that occurred during the first experiments in the work 
of Mr. Arakkal has to be mentioned: compared with the experiments described in chapter 4.2.3 (which 
were conducted more than a year before the ones described here), the mass of used monomer had to 
be increased from around 2g to 6g to reach the same values of molar mass compared to the earlier 
experiments. Furthermore, the polydispersity strongly increased in these polymerizations and further 
attempts of optimization of the PDI did not succeed. As this behavior was also confirmed for 
polymerizations conducted in methanol at that time, it was presumed that the monomer quality might 
have changed from the time when the experiments in methanol were performed to the time when this 
series was conducted. Unfortunately, additional cleaning of the monomer by recrystallization in 
hexane did not lead to a change in this behavior and NMR spectra recorded from the newly obtained 
monomer did not show any evidence for a wrong chemical composition (NMR spectra of the monomer 
used in the previous experiments were not recorded as there was no evidence of problematic behavior 
and the supplier was trusted). As the time for the master thesis was limited, this problem was not 
pursued further, and instead the work was continued with a higher mass of NiPAM. However, it can be 
presumed that the unknown change in the monomer composition causes some unreproducible 
behavior in the following experiments. 
Comparing the values of MN and PDI for this series of experiments, some tendencies can be observed: 
For all reactions using TREN as a complexing agent, the molar mass increases with the amount of water 
in the system, however as the polydispersity increases as well, a not fully controlled radical 
polymerization mechanism has to be presumed. In contrast, the reactions with PMDTA show 
comparable molar masses and polydispersities for the systems with the lowest and the highest ratio of 
DMF/water while a concentration of 13% leads to higher molar masses and increased polydispersity 
indices. In terms of reproducibility over the reactions, in can be noted that the application of PMDTA as 
complexing agent and a reaction temperature of 70°C led to the highest overall molar masses (values 
of MN ranging from 47500 to 59500 𝑔𝑚𝑚𝑚), while maintaining lower polydispersity (PDI from 2.28 to 2.42) 
for all concentrations of water. 
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Sample Name x(H2O) [%] MN [g/mol] MW [g/mol] PDI 
PNI-DMF-1.1 3.7 47500 108500 2.28 
PNI-DMF-1.2 3.7 36000 81000 2.25 
PNI-DMF-1.3 3.7 15500 36000 2.32 
PNI-DMF-1.4 3.7 17500 36000 2.06 
PNI-DMF-2.1 13 59500 144000 2.42 
PNI-DMF-2.2 13 31500 119000 3.78 
PNI-DMF-2.3 13 31000 76000 2.46 
PNI-DMF-2.4 13 25000 51500 2.06 
PNI-DMF-3.1 41 47500 108500 2.28 
PNI-DMF-3.2 41 32500 75000 2.30 
PNI-DMF-3.3 41 32000 123500 3.86 
PNI-DMF-3.4 41 35500 132000 3.73 
Table 4-18: Results of GPC investigations for polymerizations with a free initiator in DMF. All reaction conditions 
can be found in Table 4-8, p. 79. 
  
Accordingly, the conditions used in the experiments PNI-DMF-1.1, 2.1 and 3.1 together with one test 
polymerization for TREN using the conditions of PNI-DMF-2.3 were chosen for the following ‘grafting 
from’ experiments on silica particles, as previously described (chapter 4.2.3). The results of the analysis 
regarding the grafting density and molar mass of the polymer are shown in the following Table 4-19 
and indicate that the polymerization on silica particles does not differ largely from the values obtained 
by polymerization in solution. The grafting density lies in the same range as the particles synthesized 
before (compare chapter 4.2.3) and the molar mass of the synthesized free polymer is slightly lower 
than the aforementioned syntheses of free polymer. This can be explained by the increased number of 
polymerization sites due to the addition of the particles and the low yield apparently caused by the 
monomer. A higher polydispersity in all experiments might be attributed to higher oxygen content, as 
the vessels were not degassed before the initiation of the reaction. In conclusion the polymerization 
conditions can be considered as sufficiently optimized within the varied parameters. 
 
Sample Name MN 
[g/mol] 
MW 
[g/mol] PDI 
x(PNiPAM) 
[%] 
x(SiO2) 
[%] 
σ(PNiPAM) 
[nm-1] 
SiO2-DMF-1.1 35500 92000 2.59 53.5 40.4 0.42 
SiO2-DMF-2.1 45000 116500 2.59 57.2 36.0 0.40 
SiO2-DMF-2.3 22500 55000 2.44 38.8 55.4 0.35 
SiO2-DMF-3.1 51000 114000 2.24 67.7 25.4 0.59 
Table 4-19: Results of silica particles modified with PNiPAM via ARGET-ATRP in DMF/water mixtures, MW and MN 
obtained from GPC of the free polymer, mass fractions x from TGA. All reaction conditions can be found in Table 
4-9, p. 79. 
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The following modifications of the stabilized gold particles under the same conditions did not lead to a 
successful coverage of the particles, as it could be observed by the destabilization of the gold particles 
and their subsequent aggregation. The conditions for the first experiments are shown in Table 4-10 
(chapter 4.1.6); the obtained analytical results and remarks are listed in Table 4-20. It was observed 
that the gold particles were either destabilized or not covered with a large amount of polymer (see 
images in Figure 4-26) while the formation of free polymer from added EBiB appeared undisturbed, as 
shown by the GPC results. 
 
 
Figure 4-26: Dry TEM images of gold particles, after first attempts of modification with PNiPAM via ARGET-ATRP 
in DMF/water mixtures; a) Au-DMF-1; b) Au-DMF-2; c) Au-DMF-3. Figures a) and b) show single particles found 
between aggregates and do not represent the majority of the specimen. All scale bars are 50nm. 
 
The necessary optimizations of the polymerization process were conducted by Mr. Arakkal and will be 
described in detail in his master thesis. After all attempted optimizations, the polymer layer around the 
particles could be increased to 2.63 nm in dry state (see Figure 4-27a), using a smaller amount of 
copper bromide, PMDTA and ascorbic acid. 
 
Sample 
Name 
MN 
[g/mol] 
MW 
[g/mol] PDI 
TTEM (dry) 
[nm] Remarks 
Au-DMF-1 52000 133500 2.57 0.56 Aggregation during polymerization 
Au-DMF-2 46500 124500 2.68 0.92 Aggregation during centrifugation 
Au-DMF-3 * * * 1.27 No aggregation 
Table 4-20: Results of gold particles modified with PNiPAM via ARGET-ATRP in DMF/water, MW and MN obtained 
from GPC of the free polymer, layer thickness measured on TEM images. *Au-DMF-3 was polymerized without 
EBiB as initiator for free polymer, thus GPC was not measured. All reaction conditions can be found in Table 4-10, 
p. 80. 
 
Yet, compared to recent publications using ‘classic’ ATRP on gold surfaces [194, 339], the 
polymerization under the AGET-ATRP conditions used in this work appears to be hindered strongly.  As 
the formation of the free polymer from EBiB apparently leads to a significantly higher chain length 
b) c) a) 
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compared to the brushes, it can be presumed that the stabilized gold particle system itself hinders the 
polymerization process. It was found that polymerizations without gold particles, using the free dithiol-
initiator (see chapter 4.1.6) led to polymer chain lengths comparable to polymerizations from EBiB, 
indicating no poisoning of the catalyst by sulfur groups. The low coverage of the particles might be 
explained with the detachment of the polymer chains during the reaction, similar to an exchange 
process [387, 388]. However, no additional details leading to a satisfying explanation could be given for 
the observed hindering of the polymerization, as the gold particles were cleaned during their 
modification with the initiator and the gold itself should not interact with the system. Furthermore, the 
low supply of gold particles limited the analytical possibilities to TEM investigations of single particles, 
impeding the discovery of the reason for the unsuccessful polymerization attempts. 
To increase the flexibility of the modification process of the gold particles, particularly regarding the 
thickness of the shell, it was attempted to graft a pre-formed polymer onto the particles. For this 
'grafting to' method, two different polymers with a thiol end group were used: the first polymer, 
synthesized by RAFT polymerization with a very low molar mass (MN = 3500 𝑔𝑚𝑚𝑚) was purchased, while 
the second was synthesized in house using AGET-ATRP under the optimized conditions described 
above, leading to a molar mass of MN = 117000 𝑔𝑚𝑚𝑚, as measured by GPC. It was found that both 
polymers could be attached in solution by the simple formation of a chemical bond between (di)thiol 
and gold, stabilizing the particles during a following centrifugation and resuspension process. However, 
the layer formed by the polymer with lower molar mass was not sufficiently thick to be visualized in 
TEM, while the polymer layer obtained using the longer polymer chains led to similar layer thickness as 
achieved in the GF modification. 
 
  
Figure 4-27: Dry TEM images of gold particles modified after optimization of the reaction conditions; a) ‘grafting 
from’ process; b) ‘grafting to’ modification by heating over the glass transition temperature 
 
50nm 50nm 
b) a) 
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Thus, to achieve a thicker shell, a mixture of the gold particles and the second polymer was heated 
above the glass transition temperature of PNiPAM [66] for 4 hours, after a 24h GT procedure in water. 
This combined solvent/thermal grafting process led to a uniform polymer shell with a thickness up to 
5.3 nm in dry state, without signs of destabilization and little aggregation during the modification (see 
Figure 4-27b). Comparing the normalized UV/Vis spectra of the GF- and GT-approaches (Figure 4-28), it 
can be observed that the shift of the maximum absorption is comparatively small for both 
modifications (λmax = 534nm for GT and 544nm for GF compared to 528nm for pure particles). The 
larger shift and higher change of the band is shown by the particles modified using grafting from, which 
can be attributed to the higher density of polymer chains on the gold surface. 
350 400 450 500 550 600 650 700 750 800 850
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1,0
No
rm
al
ize
d 
Ab
so
rb
an
ce
λ [nm]
 Pure Particles
 GF Optimized
 GT Optimized
 
Figure 4-28: Comparative normalized UV/Vis spectra of pure and polymer-covered gold particles using 'grafting 
from' and 'grafting to' approaches 
 
Summarizing the experiments described briefly in this chapter, a uniform layer or PNiPAM was formed 
on gold particles with a diameter of 50-60nm, using ‘grafting from’ and ‘grafting to’ approaches. It was 
found that the AGET-ATRP successfully used on silica particles did not lead to comparable results on 
the initiator-modified gold particles but formed layers of significantly lower thickness (about 2.6nm in 
dry state). The subsequently tested grafting to approach was successfully used to form polymer layers 
of up to 5.3nm in thickness, fully stabilizing the particles with little change in the overall UV/Vis 
absorption and can be regarded as the preferable approach presented here. 
 
4.2.5.2 Formation of a Hybrid Gold – Polymer – Quantum Dot System 
As the gold particles modified via GT using the long-chain polymer showed the highest polymer shell 
thickness of all specimens on TEM images of dry specimens, they were selected for further 
experiments in combination on surface plasmon effects. First, the particles were investigated in UV/Vis 
spectroscopy at different temperatures below and above the LCST of PNiPAM. Figure 4-29a shows an 
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exemplary measurement series of a particle specimen fabricated via GT at increasing temperatures, 
starting from room temperature. The decrease in the absorption is visible over the complete 
temperature range, as also observable in Figure 4-29b that shows the maximum absorbance of the 
band at 540nm that decreases with increasing temperature. 
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Figure 4-29: a) Temperature dependent UV/Vis Absorption graphs of PNiPAM covered gold nanoparticles; b) 
Absorbance maxima of the curved in figure a, plotted over the temperature. 
 
Due to the limited time available for the experiments in the course of the master thesis, the synthesis 
of a larger amount of particles or the optimization of the measurement conditions were not 
conducted, leading to comparatively low values of maximum absorption. Nonetheless, the decrease of 
the absorption over the complete temperature range is not accompanied by a shift or change of shape 
of the absorption band, indicating a high stability of the polymer covered particles. It can be presumed 
that the gold particles do not undergo any aggregation that could be observed in a change of the 
absorption band, as for example shown by Q. Wei et al. [389], e.g. the stability of this gold particle-
brush system can be compared with the stabilization by a crosslinked polymer (see chapter 3.2.3 and 
[72, 288]). 
After investigation of the temperature dependence of the UV/Vis absorbance, the combination of the 
PNiPAM covered particles with Quantum Dots, synthesized by the Eychmüller Group at the TU Dresden 
was attempted by exploitation of the electrostatic interaction forces between the polymer and the 
stabilizer of the quantum dots. As initial stabilizer, thioglycolic acid was used, as it was expected to 
form a charged surface at pH = 9 and connect with the PNiPAM, however no Quantum dots could be 
connected to the polymer permanently. In a series of experiments described in Mr. Arakkal’s master 
thesis, the Quantum dots were partially stripped of their thiol-stabilizer by dialysis and subsequently 
combined with the gold particles. Figure 4-30a shows an exemplary TEM image of one Quantum Dot 
connected to a gold particle, indicating a very low coverage of the gold with QDs. In the time of Mr. 
Arakkal’s work at the IPF Dresden, it was not possible to increase this coverage. Nevertheless, the low 
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amount of QDs in the system leads to a combination of the UV/Vis absorbance bands of the 
components, as shown in Figure 4-30b.  
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Figure 4-30: a) TEM image of a polymer covered gold particle with attached quantum dot; b) normalized UV/Vis 
absorbance graphs of polymer covered gold, quantum dots and the mixed system 
 
In the final experiment described here, the fluorescence response of the combined gold-polymer-QD 
system was tested for different temperatures around the LCST of PNiPAM. The fluorescence spectra 
are plotted in Figure 4-31a and show an easily observable decrease of the fluorescence at increasing 
temperature. To point out this decrease, the maximum intensity of the fluorescence bands is plotted 
over the temperature in Figure 4-31b. In this plot, a linear decrease of the intensity is visible between 
21°C and 35°C, indicating a change in the sample geometry in this temperature region, where the 
PNiPAM undergoes collapsing (compare DLS measurements in chapters 4.2.2 and 4.2.3). It can be 
concluded that the QDs are fully attached to the polymer and are quenched by the vicinity of the 
central metallic particle (compare e.g. [390]) or to each other (similarly described in [391]) upon 
decrease of the shell thickness. This assumption is strongly supported by similar findings by M. H. V. 
Werts et al. using dyes attached to different disulfide stabilizers [383] and stands in accordance with 
the theory on plasmonic interaction between gold and fluorescent molecules or QDs [141, 392]. This 
leads to the conclusion that the attachment of the QDs onto the surface of the particle was realized 
successfully, though the procedure needs to be optimized. 
50nm 
b) 
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Figure 4-31: a) Fluorescence graphs of the gold-polymer-QD system, measured at different temperatures; b) 
intensity maxima of the fluorescence bands shown in figure a plotted over the temperature. 
 
In summary, the results described in this chapter can be regarded as a successful proof of concept of 
the formation of a temperature sensitive system combining spherical gold particles and quantum dots 
in a manner that allows the utilization of surface plasmon enhancement for optic applications [393, 
394]. However, prior to further investigations, the formation of this system, which was developed in 
the course of a time-limited master thesis, has to undergo several steps of optimization. While the 
attachment of polymer to the gold core was shown to be somewhat effective, a higher shell thickness 
might lead to a better attachment of QDs or increased fluorescence intensities. Furthermore, the 
connection between QDs and polymer chains could be improved via the formation of a chemical bond 
between the stabilizer of the QDs and an end group of the polymer, allowing an amide bond or even 
click-chemistry [161, 165]. Planned future work on this system includes the use of block-copolymers 
consisting of PNiPAM and poly(acrylic acid) in combination with stabilizers for the QDs containing an 
amino-group and the measurement of fluorescence lifetimes at different temperatures. 
  
a) b) 
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5 Summary and Outlook 
 
 
The structural analysis of polymeric surfaces and particularly polymer brushes is an important part in 
the understanding of these systems on a way to future applications. In addition to the established 
methods, cryo-TEM has become a helpful tool for this analysis on polymers in solution or suspension. 
By visualization of different polymer systems, cryo-TEM helps to gain understanding in the 
arrangement of polymer chains in liquid and thus support the development of materials for technical 
as well as life science applications. 
The results presented in this work are based on the development of investigation procedures for 
polymers in solution. Using cryo-TEM in comparison with scattering methods, such as DLS or neutron 
scattering, nuclear magnetic resonance, atomic force microscopy and ellipsometry, new understanding 
on the structure of multiple polymer systems was found and documented. 
 
 
Cryo-TEM investigation of different solvents and polymer systems 
In the first part of this work, different applications of cryo-TEM investigation on polymeric systems 
were researched. For the development of cryo-TEM preparation and analysis methods, a number of 
polymeric samples, representing a wide range of architectures and syntheses, were investigated to 
gain otherwise unavailable structural information. It has been shown how the precise visualization of 
polymers can aid in the improvement of the synthesis, form understanding of the behavior of polymers 
in solution and find possible applications for such systems. As it was shown from the results presented 
here, the main advantages of cryo-TEM to other structural analysis methods are a reliable specimen 
preparation under controlled environmental conditions combined with the high versatility of TEM 
imaging and a high flexibility towards many polymeric specimens and solvents. 
 
To gain deeper insight on the preparation procedure of aqueous solutions and suspensions, a 
comprehensive blotting time series was recorded and a procedure was developed to analyze the 
usability of different blotting times. The resulting curve can act as a guideline for the choice of blotting 
times on liquids with different behavior, simplifying the preparation procedure for different specimens. 
Furthermore, the cryo-TEM availability of a variety of important solvents for polymers was investigated 
by comparing the film formation on exemplary preparation procedures. It could be successfully shown 
that DMF, Methanol and THF are suitable organic solvents for a reliable specimen preparation under 
the given conditions. From this it can be concluded that a wide range of polymers with different 
solubility are available for cryo-TEM analysis without large modification of the developed procedures. 
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The exemplary investigation of star-like biocompatible polymer systems has pointed out the 
importance of specimen preparation for cryo-TEM while gaining new insight on the agglomeration of 
such systems in aqueous suspension. Using cryo-TEM preparation processes with varying equilibration 
time, it was found that the investigated polymer undergoes reversible, concentration-dependent 
aggregation. In a time scale of several seconds, the structure of the aggregates can change from a 
seemingly dense to a loose agglomeration that appears to be stable in solution. Here, cryo-TEM 
investigations with a resolution of several nanometers extend the possibilities of commonly used 
analysis techniques for polymers in solution. 
 
Another example for the usefulness of cryo-TEM investigations is the micellisation behavior of 
semifluorinated block-copolymers. In this work, several water-insoluble copolymers with different 
block-sizes were analyzed in an extensive series of concentrations in tetrahydrofuran. The theoretical 
aspects and calculations on the micellisation behavior could be entirely confirmed and different 
micellar geometries in THF could be directly visualized for the first time. Spherical, as well as elongated 
and very long worm-like micelles were found, for different block ratios and the core-shell structure of 
the micelles was visualized. Furthermore, comparing lowest polymer concentrations in the ppm region 
via cryo-TEM and DLS, new evidence on the cmc of these systems could be found. In conclusion, the 
direct imaging of micellar structures as one of the unique possibilities of cryo-TEM was demonstrated 
to be compatible with polymers soluble solely in organic solvents. 
 
The third novel structure investigated in this work was a hollow microgel system consisting of poly(N-
isopropylacrylamide). Using cryo-TEM the hole – formed by dissolution of the initial gold core inside 
the microgel – was visualized in swollen and collapsed state of the polymer. In contrast to other means 
of analysis, the hollow structure could be directly analyzed, measured and correlated with the 
crosslinker density and the gold core size. It was found that the hollow structure can be stabilized at 
crosslinker concentrations around 10% while a concentration of 5% leads to a permanent collapse of 
the hole. For microgels with 10% crosslinker, the finding that the diameter of the hole is slightly 
decreased above the LCST of PNiPAM can be utilized for the development of drug-delivery systems 
based on such microgels. Additionally, the hole was further investigated using cryo-TEM tomography in 
order to rule out deformation effects by specimen preparation and thus confirming the reliability of 
the vitrification process used in this work. 
 
 
Synthesis and characterization of a stimuli-responsive polymer brush system 
In the second part described in this thesis, it was shown on the example of the well-known poly(N-
isopropylacrylamide) how the structure and chain mobility of a stimuli-responsive polyelectrolyte 
brush system can change during collapse. For the structural investigations, a system of polymer 
brushes on spherical silica particles was investigated in detail and its synthesis was optimized. An 
 125 
 
improvement in the surface modification of these particles could be achieved using a new procedure 
for the formation of the connecting layer and a new ‘grafting to’ procedure in solution. Furthermore, 
the versatile polymerization procedure AGET-ATRP was used to produce polymer brushes on particles 
with comparable characteristics to systems on flat surfaces. 
Using cryo-TEM, the density profile of a brush on a spherical particle was recorded and compared to 
literature and calculated profiles. Within the borders of the measurement, a very good fit of the image 
brightness values with the theoretical density of the brush was found, showing the use of TEM image 
analysis for the estimation of density profiles. Furthermore, the visualization of a two-stage collapse of 
PNiPAM brushes in the temperature region between 28 and 38°C was achieved. This partial collapse 
was previously proposed in literature, yet not directly shown in its complexity before. Cryo-TEM images 
taken from a specimen vitrified at stepwise increased temperatures show a change from the swollen 
brush system to an irregular mixture of stretched and collapsed polymer, indicating a dependence of 
the two-step collapse on factors such as grafting density or polydispersity. To ensure these findings, 
the proton mobility of the polymer around the LCST was investigated using solid-state nuclear 
magnetic resonance. In good accordance with the cryo-TEM measurements, a change in the proton 
mobility around 28°C was found, indicating the beginning of the collapse at this temperature. These 
novel investigations point out the possible complexity of the collapsing mechanism of stimuli-
responsive polymer brushes and thus can lead to a deeper understanding of these systems for future 
applications. 
 
 
Outlook 
In cryo-TEM, the careful preparation and proper handling of specimens can provide high-resolution 
imaging down to the nanometer scale, revealing a large variety of information on structure, density 
and responsiveness of polymers. The procedures introduced in this work show the large potential of 
this analysis method for polymer systems. Using variations of temperature, pH-value, solvent or other 
stimuli for responsive polymers opens a vast field of structural determination, be it for polymer 
brushes, crosslinked systems, block-copolymers or biopolymers. Furthermore, the recent research on 
modification of polymers by end-functionalization or inclusion of nanoparticles requires a reliable 
determination of the exact location of such functionalities, which can be provided by cryo-TEM. 
Another step in the comprehensive research is the comparison between flat and spherical brushes. 
With the synthesis procedures described in this work, brush systems showing similar characteristics 
compared to previously investigated flat brushes can be formed. The procedures can be adapted to the 
large variety of smart polymers, such as poly(vinylpyridine), poly(acrylic acid), poly(oxazolates) or all 
kind of copolymers. For these systems, structural details in the region of collapse may become 
available by the analysis of spherical brushes with cryo-TEM and scattering methods. The comparison 
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of spherical and flat surfaces can show previously unknown differences or expand the possibilities for 
the application of polymer brushes. 
One example for the use of a smart brush system is introduced in this work. Forming a polymer brush 
shell around a gold particle with plasmonic activity enables the attachment of molecules or particles 
with optic properties (e.g. dyes or quantum dots), leading to possible plasmon interactions. The 
stimuli-responsiveness of the polymer shell can be used to switch the system between different states 
of interaction, enabling the formation of sensors or even SPASERs. To achieve plasmon resonance in 
such a system, a well-defined coverage of the gold-polymer particle with light emitters, which can be 
achieved by the formation of applicable end groups on the polymer. The formation of block-
copolymers or end-functionalization can be used to induce a coupling reaction with the light emitter 
and ensure proper coverage. Subsequently, the plasmon resonance can be measured e.g. using 
fluorescence-lifetime measurements and tuned by variation of the stimulus for the polymer. 
 
The various polymer systems investigated in this work can be used in different aspects of life and 
materials science. The investigations on hollow microgel particles presented here show the capability 
of these particles to transport molecules trapped inside, e.g. hydrophobic drug molecules that can be 
loaded into the particles in organic solvents. Using the microgel as carrier in the blood stream, the drug 
release can be induced by local heating. For a larger field of application modification of the microgel 
surface might be used to localize the microgel or copolymerization can be used to change the 
temperature of volume phase transition. 
Another approach for molecular transport inside a living system is the star-shaped copolymer system 
investigated in this work. The use of biocompatible material and the decoration with sugar show the 
suitability of this system for medical applications. As it was found that the aggregation of the polymer 
appears to be reversible and concentration dependent, the encapsulation of drugs could be achieved 
between several of these polymer molecules. 
A variety of different applications is possible for the semifluorinated system, if the micelles can be 
stabilized in dry conditions, as already indicated by the investigations presented here. If high 
concentrated solution of a polymer forming strongly elongated micelles is able to form a cloth-like 
structure when dried on a larger area, the use of this structure as filtering membranes is thinkable. To 
increase the stability of such a semifluorinated membrane, the structure might be stabilized by 
crosslinking after micellisation. 
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6 Supplementary Information 
6.1 List of Abbreviations 
AA Ascorbic Acid 
AFM Atomic Force Microscopy 
AGET-ATRP Atom Transfer Radical Polymerization with Activator Generated by single-Electron 
Transfer 
APTS (3-AminoPropyl)TriethoxySilane 
ATRP Atom Transfer Radical Polymerization 
BA N,N′-methyleneBis(Acrylamide) 
bm Broad Multiplet (NMR) 
CCD Charge Coupled Device 
CHCl3 Chloroform  
-COOH Carboxyl group 
CPS (3-Cyanopropyl)trichlorosilane 
CRAMPS Combined Rotation and Multiple-Pulse Sequence 
CRP Controlled Radical Polymerization 
Cryo-TEM Transmission Electron Microscopy under cryogenic conditions 
CTAB CetylTrimethylAmmonium Bromide (=Hexadecyltrimethylammonium bromide) 
DCC N,N’-Dicylcohexylcarbodiimide  
DCM Dichloromethane  
DLS Dynamic Light Scattering 
DMAc Dimethylacetamide 
DMF Dimethylformamide 
e.g. exempli gratia (for example) 
EDC N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide  
EELS Electron Energy Loss Spectroscopy 
EM Electron Microscopy / Electron Microscope 
et al. et alii (and others) 
EtOH Ethanol  
FMA (semi)Fluorinated MethAcrylate 
G Grafting density 
GF Grafting From 
GISAXS  Grazing-Incidence Small Angle X-ray Scattering 
GPC Gel Permeation Chromatography 
GT Grafting To 
HBr HydroBromic Acid 
HF HydroFluoric acid 
HREM High Resolution Electron Microscopy 
i.e. id est (that is) 
IEP IsoElectric Point 
IPF Leibniz Institute for Polymer Research 
LAH Lithium Aluminium Hydride  
Table 6-1: List of abbreviations (continued on next page) 
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LCST  Lower Critical Solution Temperature 
m Multiplet (NMR) 
Mal Maltose 
MAS Magic Angle Spinning 
Me6TREN Tris[2-(dimethylamino)ethyl]amine 
MeOH Methanol  
MMA Methyl MethAcrylate 
MN Number averaged Molar mass 
MW Weight averaged Molar Mass 
NMR Nuclear Magnetic Resonance (spectroscopy) 
PAA PolyAcrylic Acid 
PBS Phosphate Buffered Saline 
PDI PolyDispersity Index 
PEI Poly(Ethylene Imine)  
PFMA Poly(semiFluorinated MethAcrylate) 
PGlu Poly(Glutamic acid) 
PGMA Poly(Glycidyl MethAcrylate)  
PMDTA N,N,N′,N′′,N′′-PentaMethylDiethyleneTriAmine 
PMMA Poly(Methyl MethAcrylate)  
PNIPAM Poly(N-IsoPropylAcrylAMide) 
PS PolyStyrene 
PSF Point Spread Function 
QD / QDs Quantum Dot / Quantum Dots 
s Singulet (NMR) 
SCF Self-Consistent Field 
SEC Size Exclusion Chromatography 
SEM Scanning Electron Microscopy / Scanning Electron Microscope 
t Triplet (NMR) 
TEM Transmission Electron Microscopy / Transmission Electron Microscope 
TEOS TetraEthyl OrthoSilicate 
TGA ThermoGravimetric Analysis 
THF TetraHydroFurane  
TREN Tris[2-(dimethylamino)ethyl]amine 
UV-Vis UltraViolet and Visual light (spectroscopy) 
WAXD Wide Angle X-ray Diffraction 
XRD X-Ray Diffraction 
Table 6-1: List of abbreviations (continued from previous page) 
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6.3 Additional Figures and Tables 
 
Figure 6-1: 1H-NMR of synthesized thiol-initiator 
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Figure 6-2: Zeta potential graphs of all silica particle samples after reduction to surface-amino groups. Reaction 
conditions for the samples shown in Table 4-2 and Table 4-3 (pp 70-71). 
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6.4 Additional TEM-Images 
 
 
Figure 6-3: Overview cryo-TEM image of the specimen PEI-PGlu-Mal-5, frozen without equilibration time 
 AA 
 
 
Figure 6-4: Overview cryo-TEM image of the specimen PEI-PGlu-Mal-5, frozen with 10s equilibration time 
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Figure 6-5: Enlarged image of Figure 3-28a 
 
Figure 6-6: Enlarged image of Figure 3-28b 
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Figure 6-7: Enlarged image of Figure 3-28c 
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Figure 6-8: TEM image of dried 1wt% solution of PMF106 in THF on a Quantifoil grid 
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Figure 6-9: Enlarged image of Figure 4-14a 
 
 
 
Figure 6-10: Enlarged image of Figure 4-19a 
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Figure 6-11: Enlarged image of Figure 4-19b 
 
Figure 6-12: Enlarged image of Figure 4-19c 
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Figure 6-13: Enlarged image of Figure 4-19d 
 
Figure 6-14: Enlarged image of Figure 4-19e 
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Figure 6-15: Enlarged image of Figure 4-19f 
 
Figure 6-16: Enlarged image of Figure 4-19g 
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Figure 6-17: Enlarged image of Figure 4-19h 
 
Figure 6-18: Enlarged image of Figure 4-19i 
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Name x(H2O) [%] x(SiO2) [%] x(PNiPAM) [%] σ(PNiPAM) [nm-1] 
SiO2-GF1 2.1 25.9 66.5 0.38 
SiO2-GF2 2.4 27.3 64.7 0.37 
SiO2-GF3 1.9 24.8 67.8 0.40 
SiO2-GF4 2.3 25.7 65.9 0.42 
SiO2-GF5 3.1 28.4 63.8 0.40 
SiO2-GF6 1.8 26.4 66.1 0.46 
SiO2-GF7 2.7 32.0 59.6 0.38 
SiO2-GF8 1.2 32.7 60.4 0.41 
SiO2-GF9 2.8 45.3 50.5 0.43 
SiO2-GF10 2.6 26.1 67.5 0.44 
SiO2-GF11 3.2 26.6 67.2 0.42 
SiO2-GF12 2.9 36.1 57.0 0.31 
SiO2-GF13 1.7 34.8 59.3 0.35 
Table 6-2: Data obtained by TGA of silica particles modified by the ‘grafting from’ approach using ATRP, as 
described in chapter 4.2.3 and their calculated grafting densities according to chapter 4.1.1.2. 
 
Name Absorption Maximum [at nm] 
Plain Particles 534.0 
Au-ini-1.1 543.0 
Au-ini-1.2 541.0 
Au-ini-1.3 541.0 
Au-ini-1.4 540.0 
Au-ini-1.5 541.5 
Au-ini-2.1 541.5 
Au-ini-2.2 545.5 
Au-ini-2.3 541.0 
Au-ini-3.1 541.0 
Au-ini-3.2 542.0 
Au-ini-4.1 542.0 
Au-ini-5.1 542.0 
Au-ini-5.2 542.5 
Au-ini-5.3 542.5 
Au-ini-5.3-C 547.5 
Au-ini-5.3-D 556.0 
Table 6-3: Absorption maxima measured in UV/Vis spectroscopy after centrifugation and redispersion of modified 
gold particles
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